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略語表 
 
便宜上、本論文全般において以下に示す略語、および略称を用いた。 
 
p-ABSA para-acetamidobenzenesulfonyl azide 
Ac acetyl 
Ar aryl 
BINAP bis(diphenylphosphino)-1,1'-binaphthyl 
BINOL 1,1'-bi-2-naphthol 
Bn benzyl 
Boc tert-butoxycarbonyl 
BOX bisoxazoline 
nBu normal butyl 
tBu tert-butyl 
CAN ceric ammonium nitrate 
cod cyclooctadiene 
Cy cyclohexyl 
dba dibenzylidenacetone 
DCC N,N'-dicyclohexylcarbodiimide 
DFT density functional theory 
DHP dihydropyran 
DMAP 4-(dimethylamino)pyridine 
DMF N,N-dimethylformamide 
dr diastereomeric ratio 
δ chemical shift in parts per million downfield from tetramethylsilane 
ee enantiomeric excess 
EI electoron ionization 
eq equivalent 
er enantiomeric ratio 
ESI electoron spray ionization 
Et ethyl 
Et2O diethyl ether 
EtOAc ethyl acetate 
h hour(s) 
HPLC high performance liquid chromatography 
HRMS high resolution mass spectrum 
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Hz hertz 
Int intermediate 
IR infrared 
J coupling constant (in NMR) 
L ligand 
LDA lithium diisopropylamide 
LRMS low resolution mass spectrum 
LUMO lowest unoccupied molecular orbital 
M mol/L 
MCPBA meta-chloroperoxybenzoic acid 
Me methyl 
Mes mesityl 
min minute(s) 
mp melting point 
MS4A molecular sieves type 4A 
MTPA -methoxy--(trifluoromethyl)phenylacetic acid 
NMR nuclear magnetic resonance 
NOE nuclear overhauser effect 
n.r. no reaction 
Nu nucleophile 
Ph phenyl 
PIDA iodobenzene diacetate 
PIFA bis(trifluoroacetoxy)iodo]benzene 
PMB para-methoxybenzyl 
PPTS pyridinium p-toluenesulfonate 
quant. quantitative yield 
iPr isopropyl 
Rf rate of flow 
rt room temperature 
TBAF tetrabutylammonium fluoride 
TBAI tetrabutylammonium iodide 
TBS tert-butyldimethylsilyl 
temp. temperature 
Tf trifluoromethanesulfonyl 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
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THP 2-tetrahydropyranyl 
TLC thin layer chromatography 
TRIP 3,3′-Bis(2,4,6-triisopropylphenyl)-1,1′-binaphthyl-2,2′-diyl 
hydrogenphosphate 
TS transition state 
Ts para-toluenesulfonyl 
UV ultraviolet 
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第１部 リン酸銀触媒を用いたジアゾアセトアミドを有するフェノール類の不斉脱芳香族
化反応の開発 
 
第１章 研究背景 
 
1-1. フェノール類の脱芳香族化反応 
 
 フェノール類の脱芳香族化反応は平面的な芳香族化合物から三次元的な骨格を構築する
強力な手法である。合成されるスピロシクロヘキサジエノン構造は Annosqualine や
Stepharine、Discorhabdin C、Gymnastatin A の様に生物活性天然物の構造中に含まれる
他 (Figure 1-1)、Codeine や Galanthamine、Crinine などの高度に縮環した天然物の合成
中間体としても用いられる有用構造である (Figure 1-2)。 
Figure 1-1. Biologically active natural products containing spirocyclohexadienone 
Figure 1-2. Spirocyclohexadienone as a key intermediate in total synthesis 
 
 スピロシクロヘキサジエノンの合成化学的な有用性から、最も直接的な合成法の 1 つで
あるフェノール類の脱芳香族化を利用した、より効率的な合成法が開発されてきた。現在
までに報告されている方法を以下に紹介する。 
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1-2. 超原子価ヨウ素による求核的脱芳香族化反応 
 
3 価のヨウ素化合物を用いた酸化的な手法はフェノール類の脱芳香族化反応の代表的な
例である。古くは PIDA や PIFA などの超原子価ヨウ素を当量以上用いたが、2005 年に北
らは MCPBA を共酸化剤として用いることで触媒量の芳香族ヨウ素化合物によって反応が
進行することを報告した 1 (Scheme 1-1)。 
Scheme 1-1. Hypervalent-iodine(III)-catalyzed oxidative dearomatization of phenols 
 
 
反応機構としては、ヨウ素原子上での配位子交換によりフェノール性水酸基が超原子価
ヨウ素に結合することで、水酸基のオルト位またはパラ位が求電子的に活性化される 
(Scheme 1-2)。カルボキシ基やヒドロキシ基、アミド基、電子豊富な芳香環などが求核的に
付加すると共に 1 価のヨードアレーンが脱離することで脱芳香族化が進行する。あるいは
先に 1 価のヨードアレーンが脱離することで生じるカチオン性中間体を経て進行する。 
Scheme 1-2. Mechanism of hypervalent-iodine()-catalyzed 
 
 
求核的な反応であるため C―N、C―O 結合形成には適しているものの、C―C 結合形成
には基質に制限がある。また酸性条件であるため、塩基性の高い基質は使用できないとい
った課題がある。 
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1-3. 求電子的脱芳香族化反応 
 
 上記の求核的脱芳香族化反応に対して、分子内の求電子的に活性化された部位がフェノ
ール環に付加する脱芳香族化反応も報告されており、その一部を以下に示す。 
 
1-3-1. イプソハロ環化反応 
 
 2005 年に Larock らはアルキンを有するアニソール誘導体を一塩化ヨウ素と反応させる
ことで、脱芳香族化反応が進行しスピロシクロヘキサジエノンが得られることを報告した 2 
(Scheme 1-3)。反応機構としては、一塩化ヨウ素がアルキンと反応することでヨードニウム
カチオン中間体を生じ、フェノール環に求電子的に付加することで脱芳香族化が進行する。
続いて O―Me 結合が反応系中に存在する求核剤によって切断される。基質適応範囲として
は内部アルキンの使用や 5 員環形成に限られている。 
Scheme 1-3. Electrophilic ipso-halocyclization 
 
 
1-3-2. 遷移金属触媒によるアリル化反応 
 
 当研究室では求電子的な脱芳香族化反応の研究を行ってきた。2010 年にアリルカーボネ
ートを有するフェノール誘導体を基質としたパラジウム触媒による脱芳香族化反応を報告
した 3 (Scheme 1-4)。アリルカーボネートがパラジウム触媒に酸化的付加することで生じた
カチオン性のπ-アリル錯体がフェノール環と反応することで脱芳香族化が進行する。基質
適応範囲としては 5 員環形成のみ可能であり、フェノール環上の置換基の位置は水酸基の
メタ位 (R2)でなければジアステレオ選択性が低いといった制限がある。 
Scheme 1-4. Pd-catalyzed ipso-Friedel−Crafts allylic alkylation 
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1-3-3. カルボカチオンの求電子付加反応 
 
 2014 年に当研究室の横坂は、脱離が容易な水酸基を有するフェノール誘導体を Brønsted
酸と反応させると、生じたプロパルギルカチオンがフェノール部位に求電子付加すること
で脱芳香族化が進行することを報告した 4 (Scheme 1-5)。 
Scheme 1-5. Brønsted acid-promoted ipso-Friedel–Crafts allenylation 
 
 
また 1988 年には Schwatz らが Brønsted 酸によるジアゾアセトアミドを有するフェノ
ール誘導体の脱芳香族化反応を報告している 5 (Scheme 1-6)。ジアゾ炭素が Brønsted 酸に
よりプロトン化されることで生じるジアゾニウムカチオンとフェノール部位が SN2 反応に
より進行すると考えられる。 
Scheme 1-6. Brønsted acid-promoted electrophilic addition of diazonium cation 
 
 
当研究室では上記の反応に関連した、Brønsted 酸と Schreiner チオウレアを用いた触媒
反応化と基質適応範囲を拡大した反応を開発した 6 (Scheme 1-7)。本反応では Brønsted 酸
から生じた共役塩基とチオウレアが水素結合することで電子密度を低下させることにより、
共役塩基がジアゾニウムカチオンと反応することで起こるBrønsted酸触媒の失活を抑制し
ていると考えられる。基質適応範囲として、フェノール環に塩素の様な電子求引基がある
と反応性の低下がみられた。 
Scheme 1-7. Brønsted acid-catalyzed electrophilic addition of diazonium cation 
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1-3-4. パラダサイクル経由の反応 
 
2011年に Buchwald らはパラジウム触媒によるブロモアレーンを有するフェノール誘導
体の脱芳香族化反応を報告した 7 (Scheme 1-8)。反応機構はブロモアレーンが 0 価パラジウ
ム触媒に対して酸化的付加することで生じる 2 価パラジウムにフェノール部位が付加する
ことでパラダサイクルを形成し、続いて還元的脱離することでスピロシクロヘキサジエノ
ン誘導体を生成する。基質適応範囲としてフェノール環上の置換基は電子的に中性または
供与性に限られていることや、水酸基が無保護であり塩基による脱プロトン化が必要であ
ることから、フェノール環による 2 価のパラジウムに対する求核付加による反応機構であ
ることが示唆されている。 
Scheme 1-8. Pd-catalyzed arylative dearomatization 
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1-4. 不斉脱芳香族化反応 
 
 脱芳香族化を触媒的不斉反応に展開した研究も行われている。1-2 で述べた超原子価ヨウ
素による不斉反応化はキラルヨウ素触媒と共酸化剤を用いることで達成されている。2008
年に北らはキラルスピロビインダン骨格を有するヨウ素触媒を用いることでナフトールの
不斉脱芳香族化反応を報告した 8 (Scheme 1-9)。この報告ではナフトール誘導体のみであっ
たが、2010 年に石原らは乳酸由来の不斉点を有するキラルヨウ素触媒を用いることでナフ
トール誘導体の不斉脱芳香族化反応を報告し 9、2013 年にはフェノール誘導体にも適応可
能であることを示した 10 (Scheme 1-10)。しかしながら、超原子価ヨウ素を用いた不斉脱芳
香族化反応はオルト置換のフェノール誘導体のみであり、パラ置換の場合には高いエナン
チオ選択性は中程度となっている 11 (Scheme 1-11)。 
Scheme 1-9. Chiral Iodine(III)-catalyzed dearomatization of naphthols 
 
 
Scheme 1-10. Chiral Iodine(III)-catalyzed dearomatization of ortho-tethered phenols 
 
 
Scheme 1-11. Chiral Iodine(III)-catalyzed dearomatization of para-tethered phenols 
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1-3 で述べた求電子的脱芳香族化における不斉反応としては、1-3-2 のアリル化反応と類
似の反応機構によるイリジウム触媒と不斉配位子を用いた反応が同時期に You らによって
報告された 12 (Scheme 1-12)。多くはアリル位のみが不斉点となる基質であり、スピロ中心
の不斉点を立体制御しているのは 1 例だけである。 
Scheme 1-12. Ir-catalyzed asymmetric allylic dearomatization of phenols 
 
 1-3-4 の Buchwald らの報告内でも不斉反応化の検討を行っており、ビナフチル骨格を有
するホスフィン配位子を用いることで 2 例だけではあるがスピロ中心の立体制御に成功し
ている。また、2015 年に Luan らはこのメカニズムをカスケード反応に組み込んだ不斉脱
芳香族化反応を報告している 13 (Scheme 1-13)。 
Scheme 1-13. Pd-catalyzed asymmetric dearomatization of phenols 
 
 
 不斉脱芳香族化反応の手法は様々であるが、パラ置換のフェノールを基質としてスピロ
中心の立体制御を行う例は少なく、置換基が水酸基のメタ位になければエナンチオ選択性
が中程度となる課題がある。 
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1-5. 金属カルベノイドの化学選択性制御 
 
 金属カルベノイドは不活性な C―H 結合への挿入や二重結合のシクロプロパン化などを
はじめとする多様な反応性を示す高活性な炭素化学種である。所望の反応を進行させるた
めにはその化学選択性を制御する必要がある。以前より基質の構造を変えることで生じる
金属カルベノイドの化学選択性を制御する研究が盛んに行われてきたが、近年では配位す
る金属により制御する研究が注目を集めている。2012 年に Che らはロジウム触媒を用いる
と Büchner反応が進行する基質に対してルテニウム触媒を用いると 1級の C―H挿入が選
択的に進行することを報告した 14 (Scheme 1-14)。2014 年に Liu らと Lan らは金触媒とホ
スファイト配位子を用いたフェノール類の位置選択的 C―H 官能基化反応を報告した 15 
(Scheme 1-15)。同じ基質に対して銅触媒を用いると O―H挿入のみが進行する。金属カル
ベノイドの反応を制御する手法が数多く開発されてきたが、化学選択性とエナンチオ選択
性を共に制御する反応は未だ挑戦的な課題である。 
Scheme 1-14. Metal-controlled 1° C―H insertion over Büchner reaction 
 
 
Scheme 1-15. Metal- and ligand-controlled site-selective alkylation of phenols 
 
 
1-6. 本研究の目的 
 
金属カルベノイドを利用したフェノール類の不斉脱芳香族化反応は報告されていない。
今回、金属カルベノイドを求電子的に反応させることに着目した。これを実現するために
は、Büchner 反応や C―H 挿入などの競合反応を起こし得る金属カルベノイドの化学選択
性の制御とスピロ中心のエナンチオ選択性の制御という 2 つの課題がある。そこで、1-5 で
述べた背景から金属カルベノイドの化学選択性を触媒金属や配位子により制御し、同時に
不斉配位子を用いることでエナンチオ選択性を制御することを目的としてフェノール類の
触媒的不斉脱芳香族化反応の開発を行った。  
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第２章 触媒金属の検討と反応条件の最適化 
 
2-1. 触媒金属の検討 
 
 フェノール環と 1級から 3級のC―H結合を有するジアゾアセトアミド 1aをモデル基質
として金属カルベノイドの化学選択性を精査するために触媒金属の検討を行った (Table 
1-1)。ジクロロメタン溶媒中、室温で触媒量の Rh2(OAc)4を用いるとトロポン 3a やイソプ
ロピル基の 1 級、3 級 C―H に挿入した 4a, 5a が得られた (entries 1, 2)。(CH3CN)4CuPF6
を用いると新たにスピロラクタム 2a が 6%収率で得られた。Liu らの報告で使用された、
(2,4-tBu2C6H3O)3PAuCl に AgSbF6 を組み合わせることにより反応系中で活性なカチオン
性の金触媒(2,4-tBu2C6H3O)3PAuSbF6を発生させる条件を用いると2aが52%収率で得られ
た(entry 3)。金触媒反応におけるエナンチオ選択性を制御する手法の 1 つにキラルカウン
ターアニオンを用いる反応が知られている 16。キラルリン酸である(S)-TRIP のカウンター
アニオン源として (S)-TRIPAg を組み合わせて用いる、すなわち反応系中で
(2,4-tBu2C6H3O)3PAu(S)-TRIP を発生させる条件で反応を行うと 2a が 84%収率、鏡像異性
体比 R :S = 28:72 で得られた(entry 4)。銀の役割を確認するために(S)-TRIPAg のみを用い
て反応を行ったところ 2a が 51%収率、R :S =81:19 で得られた (entry 5)。また AgSbF6を
用いた場合にも 30％と低収率ながら主生成物として得られたことから(entry 6)、銀触媒が
脱芳香族化を化学選択的に進行させることが示唆された。 
Table 1-1. Metal screening 
 
entry catalyst time yield (%)a er of 2a 
(R :S ) (h) 2a 3a 4a 5a 
1 Rh2(OAc)4 16 0 26 15 17 – 
2 (CH3CN)4CuPF6 6 6 20 25 16 – 
3 (ArO)3PAuCl/AgSbF6 16 52 0 0 0 – 
4 (ArO)3PAuCl/(S)-TRIPAg 16 84 0 0 0 28:72 
5 (S)-TRIPAg 1 51 15 0 0 81:19 
6 AgSbF6 22 30 7 5 0 – 
a Determined by 1H-NMR analysis of the crude mixture. Ar is 2,4-tBu2C6H3. 
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銀カルベノイドを有機合成に用いている例は限られるが、他の金属とは異なる特徴的な
反応を起こすことが報告されている 17(Scheme 1-16)。炭素―ハロゲン結合への挿入反応(a)
や C―H 挿入が優先し得る基質における選択的なシクロプロパン化反応(b)、ビニルカルベ
ノイドの γ 位選択的な付加反応(c)など、一般的に用いられるロジウム触媒を用いた場合と
は大きく異なる化学選択性を示す。しかしながら、銀カルベノイドの反応で高エナンチオ
選択的な報告例はなかったため、得られた興味深い立体選択性から(S)-TRIPAg を用いて詳
細な検討を進めた。 
 
Scheme 1-16. Examples of Ag-carbenoid reactions. 
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2-2. 溶媒の検討 
 
反応条件の最適化をするため、反応温度を 0 ℃として溶媒の検討を行った (Table 1-2)。
トルエンを用いた場合にはエナンチオ選択性の低下がみられたのに対して(entry 1)、極性溶
媒では選択性が向上した (entry 2―6)。より極性の高い CH3CN や DMF、MeOH を用いた
場合には反応がほとんど進行しなかった (entry 7―8)。2-ブタノンを用いた場合に 61%収
率、90% ee と最も良い結果を与えた (entry 6)。 
 
Table 1-2. Solvent screening 
 
entry solvent  time (h) yield (%)a ee (%) 
2a 3a 
1 CH2Cl2 3 49 15 76 
2 toluene 24 57 3 38 
3 THF 24 44 13 86 
4 EtOAc 24 48 5 80 
5 acetone 20 55 7 90 
6 2-butanone 21 61 8 90 
7b CH3CN 24 11 n.d. 52 
8b DMF 24 13 n.d. 45 
9b MeOH 24 0 n.d. – 
a Determined by 1H-NMR analysis of the crude mixture. b Reaction was employed at rt. 
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2-3. 配位子の検討 
 
次に触媒の配位子であるキラルリン酸の検討を行うため、キラルリン酸と炭酸銀から反
応系中でキラル銀触媒を発生させて用いることとした (Table 1-3)。(S)-TRIP と炭酸銀を
1:2 の比率で加えることで 2a が 67%収率、87% ee で得られたため、(S)-TRIPAg を事前に
調製して用いた場合と同等の結果であると考え、これを基準として検討を行った (entry 1)。
3,3’位の構造を検討した結果、高いエナンチオ選択性がみられたのは A5 のみであり、他の
構造ではほとんど選択性を示さなかった (entries 2―6)。BINOL 骨格の構造を検討するた
め部分還元された B や 6,6’位にニトロ基を有する C を用いたところ、収率およびエナンチ
オ選択性は中程度だった。(entries 7, 8)。(S)-TRIP が収率、エナンチオ選択性ともに最も
良い結果を与えたため、(S)-TRIPAg を用いて検討を続けることとした。 
 
Table 1-3. Ligand screening 
 
entry catalyst yield (%)a ee (%) 
1 (S)-TRIP (R = 2,4,6-iPr3-C6H2-) 67 87 
2 A1 (R = 9-phenanthrenyl-) 14 n.d. 
3 A2 (R = 4-Mes-C6H4-) 34 −12 
4 A3 (R = 3,5-tBu2-C6H3-) 40 8 
5 A4 (R = 3,5-(CF3)2-C6H3-) 35 6 
6 A5 (R = 2,4,6-Cy3-C6H2-) 57 85 
7 B (R = 2,4,6-iPr3-C6H2-) 45 65 
8 C (R = 2,4,6-iPr3-C6H2-) 58 70 
a Determined by 1H-NMR analysis of the crude mixture. 
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2-4. 添加剤の検討 
 
溶媒や配位子の検討では収率の改善に至らなかったため、添加剤の検討を行った。プロ
トンの授受を仲介させることを目的として、カルボン酸などのプロトン源を検討した 
(Table 1-4)。反応時間を 24 時間として 1 当量の安息香酸を加えて反応を行ったところ、エ
ナンチオ選択性を損なうことなく収率が 87%まで向上した (entry 2)。置換基を有する芳香
族カルボン酸や脂肪族カルボン酸を検討した結果、いずれも収率の向上がみられる一方、
エナンチオ選択性には大きな影響がみられなかった (entries 3―9)。酸性度の高い 4-ニトロ
フェノールでは収率の向上がみられた一方、エナンチオ選択性の低下がみられた (entry 
10)。最も良い結果を与えた安息香酸を用いて 0.5 当量、2 当量に増減させたものの、それ
以上の向上はみられなかった (entries 11, 12)。1 当量の安息香酸を用いて反応時間を 48 時
間とすることで 89%収率、90% eeで 2aが得られたため、これを最適条件とした (entry 13)。 
Table 1-4. Proton source screening 
 
entry additive (eq.) yield (%)a ee of 2a 
(%) 2a 1a 
1b none 61 0 90 
2 PhCOOH (1) 87 4 89 
3 4-NO2-C6H4COOH (1) 67 14 87 
4 4-MeO-C6H4COOH (1) 80 5 89 
5 4-pyrrolidinyl-C6H4COOH (1) 69 3 88 
6c 2-Me-C6H4COOH (1) 85 0 90 
7 tBuCOOH (1) 75 4 88 
8 (R)-mandelic acid (1) 86 4 86 
9 (S)-mandelic acid (1) 80 2 87 
10 4-NO2-C6H4OH (1) 75 0 79 
11 PhCOOH (0.5) 60 22 86 
12 PhCOOH (2) 76 5 87 
13c PhCOOH (1) 89 0 90 
a Determined by 1H-NMR analysis of the crude mixture. b Reaction was employed for 21 
h. c Reaction was employed for 48 h. 
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第３章 絶対立体配置の決定 
 
 生成物の絶対立体配置は Mosher 法により決定することとした 18。(S)-TRIPAg を用いて
合成した 88% ee の 2a から Pd/C 触媒による接触水素還元により 2 つのオレフィンを還元
し、続いて NaBH4 によりケトンを還元することで対応するアルコール誘導体を得た 
(Scheme 1-17)。メチル基の立体が異なるジアステレオマーはシリカゲルカラムクロマトグ
ラフィーにより分離した。主ジアステレオマーの相対立体配置は NOE 実験の結果から決定
した。 
Scheme 1-17. Transformation of 2a into corresponding cyclohexanol derivative 
 アルコール誘導体から縮合反応により S 体と R 体の Mosher エステルをそれぞれ合成し
た(Scheme 1-18)。それぞれ対応する水素原子の 1H-NMR の化学シフトについて S体と R
体の差を計算すると下図の値が得られた。Mosher エステルを含む平面からみて手前側が正
の値、奥側が負の値となり、Mosher エステルのフェニル基がある側に近いほど差が大きい
傾向がみられたことから、Mosher 法を適用可能であると考え、得られた 2a は R 体である
と決定した。 
Scheme 1-18. Synthesis of Mosher’s ester and determination of absolute configuration 
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第４章 基質一般性の検討 
 
 第 2 章で最適化した反応条件を用いて、様々な置換パターンを有するジアゾアセトアミ
ドの不斉脱芳香族化反応を検討した (Table 1-5)。フェノール環上の置換基の位置を検討し
たところ、水酸基のメタ位 (R2)だけでなくオルト位 (R1)の基質でもエナンチオ選択性がみ
られた。置換基効果としては、メチル基やメトキシ基などの電子供与基を有する基質は反
応が円滑に進行し、高収率で対応するスピロラクタムを与えた (2b, d)。一方、電子求引基
であるハロゲンを有する基質は反応性の低下がみられたものの、良好な収率で目的物を与
えた (2e―h)。アミドの置換基を検討したところ、脱保護容易な PMB 基を有する基質を用
いた場合でも所望の反応が化学選択的に進行し、対応するスピロラクタムを良好な収率で
与えた (2i)。より嵩高い tert--ブチル基でも良好な結果を与えた (2j)。1 炭素伸長した基質
を用いることで 6 員環ラクタムの構築も可能だった (2l)。金属カルベノイドと反応し得る
末端オレフィンも適応可能であり、シクロプロパン化を起こすことなく所望の反応のみが
化学選択的に進行した (2k, m)。ナフトール誘導体を用いた場合、収率に改善の余地はある
ものの、対応するスピロラクタムが合成可能だった (2r)。 
Table 1-5. Substrate scope 
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次にフェノール性水酸基の位置が異なる基質を検討した (Scheme 1-19)。2-ヒドロキシベ
ンジル型 6 からは O-アルキル化が進行した 7 が 31%収率で得られた。3-ヒドロキシベンジ
ル型 8 は複雑な混合物を与えるのみだった。 
Scheme 1-19. Reactions of diazoacetamides containing 2- or 3-hydoxylbenzyl 
group 
 
アミドの保護基として電子求引性のものを検討するため Ts保護された基質の合成を試み
た (Scheme 1-20)。下記の合成法によりフェノール性水酸基が TBS 保護されたジアゾアセ
トアミド誘導体 10 を合成し、TBAF による TBS 基の脱保護を行ったところ脱保護体を得
ることはできなかった。おそらく、Ts 基の電子求引効果により窒素の脱離能が高くなるた
め TBSの脱保護により生じたフェノキシドからキノンメチドの生成を伴う分解が起こった
ものと推測される。 
Scheme 1-20. Synthesis of Ts-protected diazoacetamide substrate 
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第５章 生成物の応用 
 
 得られたスピロラクタム誘導体の構造変換を検討した。PMB 基は CAN により容易に除
去可能であり、高収率で脱保護体を与えた (Scheme 1-21)。 
Scheme 1-21. Deprotection of PMB group 
 
 
ジエノン部位の構造変換を検討すると、B(C6F5)3 触媒とヒドロシランを用いた 1,4-還元
により二置換オレフィンのみを選択的に還元することが可能だった (Scheme 1-22)。また
Wittig 反応によりケトンをオレフィンに変換可能だった。 
Scheme 1-22. Derivatization of cyclohexadienone motif 
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第６章 反応機構研究 
 
6-1. 反応機構解析 
 
 アミドの置換基としてジメチルフェニルメチル基を有する基質 1s を最適条件下で反応さ
せると、対応するスピロラクタム 2s が 55%収率、96% ee で得られるとともに、フェニル
基との Büchner 反応により生じたシクロヘプタトリエン誘導体 14 が 31%収率で得られた 
(Scheme 1-23)。Büchner 反応はカルベンの反応に特有であることから本反応における銀カ
ルベノイドの存在が示唆される。また、条件検討においてトロポン 3a が得られたこともこ
れを支持する (Table 1-1, 1-2)。 
Scheme 1-23. Reaction of diazoacetamide containing dimethylphenylmethyl 
group 
 
 
本反応における可能な反応経路を以下に示す (Scheme 1-24)。スピロラクタム 2a の生成
経路は 2 通り考えられる。1 つは金属カルベノイドがフェノール部位に求電子付加すること
で脱芳香族化を伴い Int-1が生じ (経路 A)、続くプロトン化 (経路B) により生成する経路。
もう 1 つは Int-2 からシクロプロパンの開環により生じる経路 (経路 C)。トロポン 3a は
Buchner 反応と続く酸化により生成する (経路 F)。ロジウム触媒を使用した条件では 2a は
得られずに 3a が得られたことから、ロジウムカルベノイドによるフェノール環のシクロプ
ロパン化により生じる Int-2 からは経路 C よりも F の方が優先することが示唆される。こ
れに対して銀触媒は 2a を優先して与えており、もし 2a が Int-2 から生成すると仮定した
場合、銀が経路 C を進行させていると考えられる。 
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Scheme 1-24. Proposed reaction pathways 
 
 
そこでこの仮定を確かめるため、ロジウムおよび銀両方の触媒を加えて反応を行うこと
で、ロジウム触媒により生じた Int-2 から銀触媒が 2a を生成させることを期待した 
(Scheme 1-25)。しかしながら、2a は得られなかったことから経路 C は進行せず、2a は経
路 B で生成していると考えられる。また、安息香酸の添加により収率が向上したことは、
経路 B のプロトン化を促進することで経路 E, F を経るトロポン 3a の生成を抑制している
ことによると考えられるため、この反応機構が支持される。従って、本反応は銀カルベノ
イドによるフェノール部位への求電子付加とプロトン化による段階的な機構だと推定した。 
Scheme 1-25. Reaction using a Rh2(OAc)4/(S)-TRIPAg mixed catalyst system 
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6-2. 反応速度論解析 
 
 反応機構に関する知見を得るため、初速度を基にした速度論解析を行った。最適条件に
おいて(S)-TRIPAg の量を 2.5 mol%から 10 mol%まで変化させて反応を行い、触媒濃度の
対数に対して初速度の対数をプロットした  (Figure 1-3)。この結果から、本反応は
(S)-TRIPAg の濃度に対して 1 次の反応だった。 
Figure 1-3. Initial rate kinetics (catalyst) 
[(S)-TRIPAg] (M) log [(S)-TRIPAg] Initial rate (M/s) log (Initial rate) 
5.00 x 10–3 −2.301 4.83 x 10–3 −2.316 
3.75 x 10–3 −2.426 3.42 x 10–3 −2.466 
2.50 x 10–3 −2.602 2.37 x 10–3 −2.625 
1.25 x 10–3 −2.903 1.22 x 10–3 −2.914 
 
 
条件検討において安息香酸の添加により反応速度が低下した理由は、安息香酸による銀
への配位が基質の配位と競合しているためであると考えられる。これらの結果から本反応
の律速段階はジアゾ炭素が銀に配位し、窒素の脱離を伴うことで銀カルベノイドを発生さ
せる段階であると考察した。 
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6-3. 金属に依存する化学選択性の原因 
 
 この様な金属に依存する化学選択性の違いが生じた理由を明らかにするため、DFT 計算
によりロジウムおよび銀カルベノイドの電子状態を調べた。LUMO マップは電子密度面に
LUMO の絶対値を図示したものであり、青が濃いほど求電子性が高いことを示す (Figure 
1-4)。この LUMO マップからロジウムカルベノイドに比べて銀カルベノイドが高い求電子
性を有していることが解る。 
Figure 1-4. LUMO map for Rh and Ag carbenoids. (M06/6-311G** & LANL2TZ(f) >Kr) 
 
 
また金属とカルベン炭素間の結合に関する計算結果から、銀カルベノイドはロジウムカ
ルベノイドと比較して結合次数が小さく結合長が長いことが解った。この結果は銀からカ
ルベン炭素への逆供与が弱いことを示しており、カルベン炭素がカルボカチオン様の性質
を有していることが示唆される (Figure 1-5)。これが、銀カルベノイドが求電子的な反応に
よりフェノール類の脱芳香族化を進行させた理由であると考察した。 
Figure 1-5. Metal-dependent carbenoid reactivity 
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6-4. 不斉誘起に関する考察 
 
エナンチオ選択性の制御段階における触媒の関与について考察するため、最適条件にお
いて(S)-TRIPAg の ee を 20% ee から 100% ee まで変化させて反応を行い、生成物の ee と
の相関を調べた (Figure 1-6)。その結果、不斉増幅はみられなかったことから、本反応のエ
ナンチオ選択性の制御段階において(S)-TRIPAgは一分子が関与していることが示唆される。 
Figure 1-6. Correlation between eecat and eeprod 
 
 
基質一般性の検討において、フェノール環上の置換基の位置が水酸基のメタ位よりもオ
ルト位にあるものの方がより高いエナンチオ選択性を示す傾向がみられている (Table 1-5, 
2b vs 2a, 2c vs 2d)。また、基質の水酸基がメチル化されたアニソール誘導体 15 を最適条件
下で反応を行ったところ、対応するスピロラクタム 2b は得られず、96%収率で 15 が回収
された (Scheme 1-26)。15 を安息香酸の非存在下で 1 当量の(S)-TRIPAg を用いて反応を行
うと 15 は消失したものの、2b は得られずに複雑な混合物を与えた。この混合物に対する質
量分析の結果から、配位子である(S)-TRIP が銀カルベノイドのカルベン炭素に付加するこ
とで触媒が失活していることが考えられる。 
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Scheme 1-26. Reaction of diazoacetamide containing anisole derivative 
 
 
条件検討において、カルボン酸の添加によるエナンチオ選択性への影響はその差が最大
で 4% ee と小さく (Table 1-4)、キラルなマンデル酸の両エナンチオマーをそれぞれ加えた
結果を比較しても 86% ee、87% ee とほとんど差がなかった (entry 8 vs 9)。従って、エナ
ンチオ選択性の制御段階においてカルボン酸は関与していないと考えられる。 
 
 これらの結果から、(1) エナンチオ選択性は一分子の(S)-TRIPAg により制御される、(2)
キラルリン酸配位子は基質のフェノール性水酸基の近くにある、(3) 基質のフェノール性水
酸基が活性化される必要がある、という 3 つの点が考えられる。すなわち、本反応は水素
結合を介した環状の遷移状態により遠隔での立体制御が実現されていると考察した 
(Figure 1-7)。 
 
Figure 1-7. Plausible working model 
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第７章 安息香酸の添加効果 
 
 6-2の速度論解析や 6-4の不斉増幅に関して安息香酸を添加しない条件においても実験を
行ったところ、安息香酸を添加した場合とは異なる結果が得られた。先述の手法により
(S)-TRIPAgのeeと生成物の eeとの相関関係を調べると、負の不斉増幅がみられた (Figure 
1-8)。速度論解析からは(S)-TRIPAg の濃度に対して 0.5 次の反応となった (Figure 1-9)。 
Figure 1-8. Correlation between eecat and eeprod (without benzoic acid) 
       
Figure 1-9. Initial rate kinetics (catalyst) (without benzoic acid) 
[(S)-TRIPAg] (M) log [(S)-TRIPAg] Initial rate (M/s) log (Initial rate) 
5.00 x 10–3 −2.301 4.54 x 10–3 −2.343 
3.75 x 10–3 −2.426 3.69 x 10–3 −2.433 
2.50 x 10–3 −2.602 3.00 x 10–3 −2.523 
1.25 x 10–3 −2.903 2.17 x 10–3 −2.664 
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これらと類似する結果として、2006年に林民生らはロジウム-BINAP触媒による不斉1,4-
付加反応に関する反応速度論の研究を報告している 19 (Scheme 1-27)。負の不斉増幅やロジ
ウム触媒に対して 0.5 次反応の結果が得られている。これらの結果が得られた理由として、
著者らはロジウム触媒が活性なモノマーと不活性なダイマーの平衡状態にあり、平衡がダ
イマーに偏っている、すなわち、ダイマーを形成する速度が他の速度よりも速いことによ
り、反応速度がロジウムに対して 0.5 次になると述べている。また、負の不斉増幅が表れた
理由はホモキラルダイマーのみを形成し、ヘテロキラルダイマーは形成しないことによる
と述べられている (Figure 1-10)。 
Scheme 1-27. Rh/BINAP-catalyzed 1,4-addition phenylboronic acid to enones 
 
 
 
Figure 1-10. Negative non-linear effect and equilibrium scheme 
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リン酸銀も結晶や溶液中でダイマーやそれ以上の凝集体を形成することが知られている
20 (Figure 1-11)。従って、本反応においても TRIPAg は活性なモノマーと不活性なダイマ
ーが平衡状態であり、安息香酸を添加しない条件ではホモキラルダイマーに偏っているこ
とが考えられる。 
Figure 1-11. The silver phosphate formed dimeric species or higher aggregates 
 
TRIPAg の溶液中での状態を推定するために重アセトン中で 31P NMRを用いた解析を行
った (Figure 1-12)。光学的に純粋な(S)-TRIPAg では 14.51ppm にピークがみられた (a)。
S 体と R 体の TRIPAg を 1 体 1 で混合したものでも上と同様のピークがみられた (b)。新
たなピークが観測されなかったことから、ヘテロキラルダイマーは形成していない可能性
が高いと考えられる。TRIPAg に対して 10 当量の安息香酸を添加したものでは 14.51ppm
のピークは消失し、7.42ppm 付近にブロードしたピークが観測された (c)。これらの結果か
ら、TRIPAg はホモキラルのみのダイマーとして存在し、安息香酸はその解離を促進してい
ることが示唆される。 
Figure 1-12. 31P NMR analysis in acetone-d6 
 
 
 
 
 
      (S)-TRIPAg 
 
 
      1 : 1 mixture of (S)-TRIPAg and (R)-TRIPAg 
 
 
1 : 10 mixture of (S)-TRIPAg and PhCOOH 
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(S)-TRIPAg の高分解能質量分析を行った結果、ダイマーに対応する同位体ピーク([M + 
H]+ calcd for C100H113Ag2O8P2+ m/z: 1719.6004, found 1719.6025) が観測された (Figure 
1-13, a)。一方で(S)-TRIPAg と安息香酸を混合した後に高分解能質量分析を行うと、ダイマ
ーに対応するピークが消失し、モノマーに対応する同位体ピークのみが観測された (Figure 
1-13, b)。 
Figure 1-13. HRMS spectrum of (S)-TRIPAg (a) and (S)-TRIPAg/PhCOOH mixture (b) 
(a) 
 
(b) 
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DFT 計算によりアセトン中におけるリン酸銀のモノマーとダイマーのエネルギー計算を
行った結果、ホモキラルダイマーが最も安定だった (Figure 1-14)。 
Figure 1-14. DFT calculations of silver phosphates at the M06/SDD & 6-31+G* level of 
theory in acetone 
 
以上の結果から、負の不斉増幅や反応速度が触媒に対して 0.5 次の関係となる理由は、不
活性なホモキラルダイマーが触媒の休止状態として存在していることによると考えられる 
(Figure 1-15)。安息香酸はホモキラルダイマーを解離させ、銀の空の軌道に配位すること
で TRIPAg と安息香酸の複合体を形成する。この複合体も触媒として不活性であり、安息
香酸が解離した活性なモノマーとの平衡が複合体側に偏っているため、安息香酸の添加に
より反応速度の低下がみられたと考察した。 
Figure 1-15. Equilibrium scheme 
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第２部 Didymeline の不斉合成研究 
 
第１章 Didymeline について 
Didymeline は 1987 年に Ahond、Poupat らによって Didymeles madagascariensis の
葉から単離・構造決定されたアルカロイドである 21 (Figure 2-1)。構造的特徴である
2-azaspiro[4.5]decane を含む三環式骨格はヒスタミン H3 受容体に強力かつ特異的に作用
するステロイドアルカロイドConessineと共通する構造であり、生物活性にも期待される。
しかしながら、これまでに全合成や合成研究は報告されておらず、生物活性も明らかとな
っていない。そこで、合成法確立と生物活性評価サンプルの供給を目的として合成研究に
着手した。 
Figure 2-1. Structures of Didymeline and Conessine 
 
第２章 合成計画 
合成戦略を次に示す (Scheme 2-1)。ピロリジン環のメチル基はアミドのメチル化と脱水、
ジアステレオ選択的な還元により最後に導入し、芳香環部位を含む側鎖はエノン α 位のヨ
ウ素化と続くクロスカップリングにより導入することとし、まずは三環式ラクタムの合成
を考えた。三環式ラクタムは側鎖に脱離基を有するスピロラクタムからオレフィンの選択
的な還元と分子内環化により合成可能であると考え、側鎖はビニル基から変換を行うこと
とした。これは今回開発した不斉脱芳香族化反応によりエナンチオ選択的に合成できると
考え、フェノール環にビニル基を有するジアゾアセトアミドから合成することとした。 
Scheme 2-1. Retrosynthetic analysis of Didymeline 
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第３章 Didymeline の合成研究 
 
3-1. 鍵反応基質の合成 
 
 まずは鍵反応に用いるためのジアゾアセトアミド誘導体を合成することとした (Scheme 
2-2)。市販の 2,4-dihydroxybenzaldehyde から既知の方法で 4 位の水酸基を選択的に THP
保護することで 16 を合成した。16 の 2 位水酸基をトリフラートへ変換することで 17 へと
変換した後、ビニルトリフルオロボレートとの鈴木カップリングによるビニル基の導入、
THP の脱保護により 18 を合成した。鍵反応基質におけるアミドの保護基は鍵反応に適し
た tert-ブチル基を用いることとし、18 から tert-ブチルアミンとの還元的アミノ化により 2
級アミンを合成し、フェノール性水酸基の TBS 保護を行った後、2 級アミンのアセトアセ
チル化と続く Regitz ジアゾ転移により 19 を合成した。19 を塩基性条件で加水分解を行う
ことで鍵反応の基質となるアセトアミド 20 を合成した。 
Scheme 2-2. Synthesis of the substrate 20 
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3-2. 不斉脱芳香族化反応 
 
 合成した 20 を用いて開発した不斉脱芳香族化の最適条件にて反応させると、スピロラク
タム 21 が 77%収率、91% ee で得られた (Scheme 2-3)。 
Scheme 2-3. Asymmetric dearomatization of phenols to produce key intermediate 21 
 
3-3. 三環式ラクタムの合成 
 
 続いて三環式ラクタム 26 の合成を目指した (Scheme 2-4)。21 の側鎖に脱離基を導入す
るため、MCPBA を用いてビニル基のエポキシ化を行い、続いてパラジウム触媒によるア
リル位選択的な還元によりエポキシドを開環させることでアルコール 22 を合成した。
B(C6F5)3 触媒とヒドロシランを用いた 1,4-還元によりジエノンの二置換オレフィンを選択
的に還元することで 23 へと変換した。ケトンのアセタール保護を行った後、アルコールの
Ts 化により 24 を合成した。24 に LDA を作用させることで分子内環化により 3 環式ラク
タム 25 を合成し、アセタールの脱保護を行うことで 26 へと変換した。 
Scheme 2-4. Synthesis of tricyclic lactam 26 
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結語 
 
 本論文を纏めると以下のようになる。 
 
 今回、銀カルベノイドの化学選択性を活用したフェノール類の不斉脱芳香族化反応を開
発した。本手法によりスピロ中心が不斉点となるスピロラクタム誘導体をフェノール環の
置換位置によらず高いエナンチオ選択性で合成可能となる。量子化学計算により銀カルベ
ノイドがカルボカチオン様の性質を有していることが求電子付加によるフェノール類の脱
芳香族化反応を化学選択的に進行させることを示した。 
 
 
本反応の有用性を示すために天然物合成への応用を目指し、フェノール性水酸基のメタ
位にビニル基を有するスピロラクタム誘導体の合成にも適応可能であることを示した。さ
らに 7 工程かけて Didymeline のコア骨格である三環式ラクタムの合成にも成功した。 
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実験の部 
 
General information 
NMR spectra were recorded on a JEOL ecs 400, eca 600 spectrometer. Chemical shifts in CDCl3, 
were reported downfield from TMS (= 0 ppm) for 1H NMR. Data are reported as follows: chemical 
shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, qu= quintet, m = multiplet, sep = 
septet, and br = broad), integration and coupling constants in Hz. For 13C NMR, chemical shifts were 
reported in the scale relative to the solvent signal [CHCl3 (77.0 ppm)] as an internal reference. ESI 
mass spectra were measured on JEOL AccuTOF LC-plus JMS-T100LP. Optical rotations were 
measured on a JASCO P-1020 polarimeter. The enantiomeric excess (ee) was determined by HPLC 
analysis. HPLC was performed on JASCO HPLC systems consisting of the following: pump, 
PU-980; detector, UV-970; column DAICEL CHIRALPAK AD-H, DAICEL CHIRALPAK AS-H, 
DAICEL CHIRALCEL OD-H, DAICEL CHIRALCEL OJ-H; mobile phase, n-hexane/i-PrOH. 
Melting points were measured with a SIBATA NEL-270 melting point apparatus. Analytical thin 
layer chromatography was performed on Kieselgel 60F254, 0.25 mm thickness plates. Column 
chromatography was performed with silica gel 60 N (spherical, neutral 63-210 mesh). Reactions 
were conducted in dry solvent. Other reagents were purified by the usual methods. 
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Section 1. 
 
1. Characterization of spirocycles 2, and 3a―5a, 14 
 
General procedure A for the Ag-catalyzed asymmetric spirocyclization 
To a stirred solution of diazocarbonyl compound 1 (0.2 mmol) in 2-butanone (0.05 M, 4 mL) in a 
test tube, wrapped with aluminum foil to avoid light, were added benzoic acid (0.2 mmol, 1 eq, 24.4 
mg) and (S)-TRIPAg (catalyst loading is shown below) at 0 °C, and the reaction mixture was stirred 
at 0 °C until the substrate disappeared. The reaction mixture was concentrated to about 0.5 mL under 
reduced pressure, from which benzoic acid and Ag catalyst were removed by filtration through short 
pad of NH silica gel, and the solid was washed with n-hexane/EtOAc (1/2). The filtrate was 
concentrated under reduced pressure and purified by flash chromatography on silica gel (column 
condition; gradient elution: n-hexane/EtOAc, 1/2 → EtOAc only) to afford spirocyclic compound 2. 
 
 
(R)-2-Isopropyl-6-methyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2a) 
Prepared according to the general procedure A using 5 mol % (S)-TRIPAg for 48 h, and isolated as 
white crystal (38.9 mg, 89% yield): mp 98–99 °C; Rf = 0.1 (n-hexane/EtOAc, 1/2); 1H NMR (400 
MHz, CDCl3) δ 1.19 (d, J = 6.8 Hz, 3H), 1.20 (d, J = 7.2 Hz, 3H), 2.02 (s, 3H), 2.55 (d, J = 17.2 Hz, 
1H), 2.63 (d, J = 17.2 Hz, 1H), 3.34 (d, J = 10.4 Hz, 1H), 3.42 (d, J = 10.4 Hz, 1H), 4.47 (qq, J = 7.2, 
6.8 Hz, 1H), 6.16 (s, 1H), 6.28 (d, J = 10.0 Hz, 1H), 6.87 (d, J = 10.0 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 19.3, 19.4, 19.6, 40.7, 42.3, 43.1, 49.1, 127.8, 128.3, 151.5, 158.7, 170.8, 185.4; IR (ATR) 
  2973, 1658, 1624, 1433, 1310, 1282, 1239, 1067, 882, 812, 765, 629 cm−1; HRMS (ESI-TOF) 
[M + Na]+ calcd for C13H17NNaO2+ m/z 242.1151, found 242.1145; [α]20D – 14.5° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 95 : 5 by analytical chiral HPLC. Retention time: 11 
min, 16 min (OJ-H column, 70/30 n-hexane/i-PrOH, 1 mL/min, 254 nm). 
 
 
(R)-2-Isopropyl-7-methyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2b) 
Prepared according to the general procedure A using 5 mol % (S)-TRIPAg for 24 h, and isolated as 
O
Me
N
iPr
O
O
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white powder (41.0 mg, 93% yield): mp 111–112 °C; Rf = 0.3 (n-hexane/EtOAc, 1/10); 1H NMR 
(400 MHz, CDCl3) δ 1.17 (d, J = 6.8 Hz, 3H), 1.18 (d, J = 6.4 Hz, 3H), 1.92 (s, 3H), 2.53 (d, J = 
16.4 Hz, 1H), 2.57 (d, J = 16.4 Hz, 1H), 3.34 (d, J = 10.0 Hz, 1H), 3.38 (d, J = 10.0 Hz, 1H), 4.45 
(qq, J = 6.8, 6.4 Hz, 1H), 6.32 (d, J = 9.6 Hz, 1H), 6.69 (s, 1H), 6.89 (d, J = 9.6 Hz, 1H); 13C NMR 
(100 MHz, CDCl3) δ 15.9, 19.7, 41.3, 41.6, 42.8, 49.6, 128.9, 135.9, 145.3, 149.7, 170.9, 185.6; IR 
(ATR)  2973, 2368, 2357, 2344, 1687, 1667, 1639, 1485, 1425, 1369, 1276, 1246, 1112, 894, 824 
cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C13H17NNaO2+ m/z 242.1151, found 242.1149; [α]20D – 
4.0° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 98 : 2 by analytical chiral HPLC. Retention time: 37 
min, 39 min (AD-H column, 95/5 n-hexane/i-PrOH, 0.5 mL/min, 254 nm). 
 
 
(R)-2-Isopropyl-7-methoxy-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2c) 
Prepared according to the general procedure using 10 mol % (S)-TRIPAg for 72 h, and isolated as 
colorless oil (40.1 mg, 85% yield): Rf = 0.1 (EtOAc); 1H NMR (400 MHz, CDCl3) δ 1.18 (d, J = 6.8 
Hz, 3H), 1.19 (d, J = 6.8 Hz, 3H), 2.61 (s, 2H), 3.42 (s, 2H), 3.69 (s, 3H), 4.47 (qq, J = 6.8, 6.8 Hz, 
1H), 5.83 (d, J = 2.8 Hz, 1H), 6.36 (d, J = 10.4 Hz, 1H), 6.94 (dd, J = 10.4, 2.8 Hz, 1H); 13C NMR 
(100 MHz, CDCl3) δ 19.6, 42.1, 42.4, 42.7, 50.4, 54.9, 117.0, 128.5, 150.2, 151.5, 170.8, 180.1; IR 
(ATR)  2972, 1663, 1638, 1613, 1485, 1460, 1423, 1403 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd 
for C13H17NNaO3+ m/z 258.1101, found 258.1103; [α]20D – 1.1° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 99 : 1 by analytical chiral HPLC. Retention time: 14 
min, 19 min (OD-H column, 75/25 n-hexane/iPrOH, 1 mL/min, 254 nm). 
 
 
(S)-2-Isopropyl-6-methoxy-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2d) 
Prepared according to the general procedure A using 5 mol % (S)-TRIPAg for 24 h, and isolated as 
white crystal (45.5 mg, 97% yield): mp 99–100 °C; Rf = 0.1 (EtOAc); 1H NMR (400 MHz, CDCl3) δ 
1.167 (d,  J = 6.8 Hz, 3H), 1.171 (d, J = 7.2 Hz, 3H), 2.44 (d, J = 16.8 Hz, 1H), 2.89 (d, J = 16.8 Hz, 
1H), 3.24 (d, J = 10.0 Hz, 1H), 3.64 (d, J = 10.0 Hz, 1H), 3.79 (s, 3H), 4.45 (qq, J = 7.2, 6.8 Hz, 1H), 
5.65 (s, 1H), 6.21 (d, J = 10.0 Hz, 1H), 6.69 (d, J = 10.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 
O
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19.4, 19.7, 40.8, 42.1, 42.9, 49.4, 56.0, 102.9, 127.2, 146.4, 170.5, 174.5, 187.0; IR (ATR)  2974, 
1653, 1589, 1438, 1371, 1320, 1291, 1221, 1174, 1110, 995, 854, 768, 634 cm−1; HRMS (ESI-TOF) 
[M + Na]+ calcd for C13H17NNaO3+ m/z 258.1101, found 258.1104; [α]20D – 33.9° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 90 : 10 by analytical chiral HPLC. Retention time: 6 
min, 8 min (AD-H column, 75/25 n-hexane/i-PrOH, 1 mL/min, 254 nm). 
 
 
(R)-7-Fluoro-2-isopropyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2e) 
Prepared according to the general procedure A using 5 mol % (S)-TRIPAg for 72 h, and isolated as 
yellow gum (33.0 mg (0.209 mmol scale), 71% yield): Rf = 0.3 (n-hexane/EtOAc, 1/10); 1H NMR 
(400 MHz, CDCl3) δ 1.179 (d, J = 7.2 Hz, 3H), 1.184 (d, J = 6.8 Hz, 3H), 2.63 (s, 2H), 3.43 (s, 2H), 
4.46 (qq, J = 7.2, 6.8 Hz, 1H), 6.38 (d, J = 10.0 Hz, 1H), 6.47 (d, J = 12.4 Hz, 1H), 6.93 (d, J = 10.0 
Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 19.6, 41.4, 42.6 (d, J = 5.7 Hz), 42.9, 49.5 (d, J = 2.9 Hz), 
125.6 (d, J = 13.5 Hz), 128.6 (d, J = 4.8 Hz), 150.4 (d, J = 1.9 Hz), 154.2 (d, J = 264.5 Hz), 170.1, 
177.6 (d, J = 21.0 Hz); IR (ATR)  2974, 1676, 1655, 1423, 1368, 1244, 1170, 1106 cm−1; HRMS 
(ESI-TOF) [M + Na]+ calcd for C12H14FNNaO2+ m/z 246.0901, found 246.0908; [α]20D  – 2.91° (c 1, 
CHCl3). 
The enantiomeric ratio was determined to be 98 : 2 by analytical chiral HPLC. Retention time: 27 
min, 42 min (AS-H column, 60/40 n-hexane/i-PrOH, 1 mL/min, 254 nm). 
 
 
(R)-7-Chloro-2-isopropyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2f) 
Prepared according to the general procedure A using 5 mol % (S)-TRIPAg for 72 h, and isolated as 
pale pink powder (39.2 mg, 82% yield): mp 109–110 °C; Rf = 0.3 (n-hexane/EtOAc, 1/10); 1H NMR 
(400 MHz, CDCl3) δ 1.19 (d, J = 6.8 Hz, 3H), 1.20 (d, J = 6.8 Hz, 3H), 2.61 (d, J = 16.4 Hz, 1H), 
2.66 (d, J = 16.4 Hz, 1H), 3.43 (d, J = 10.4 Hz, 1H), 3.47 (d, J = 10.4 Hz, 1H), 4.45 (qq, J = 6.8, 6.8 
Hz, 1H), 6.43 (d, J = 9.6 Hz, 1H), 6.97 (d, J = 9.6 Hz, 1H), 7.12 (s, 1H); 13C NMR (100 MHz, 
CDCl3) δ 19.59, 19.62, 41.1, 43.0, 43.5, 49.2, 128.1 133.6, 145.6, 149.9, 170.0, 177.9; IR (ATR)  
2972, 1667, 1424, 1241, 1066, 985 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C12H14ClNNaO2+ 
m/z 262.0605, found 262.0616; [α]20D + 3.6° (c 1, CHCl3). 
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The enantiomeric ratio was determined to be 99 : 1 by analytical chiral HPLC. Retention time: 35 
min, 65 min (AS-H column, 70/30 n-hexane/i-PrOH, 1 mL/min, 254 nm). 
 
 
(R)-7-Bromo-2-isopropyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2g) 
Prepared according to the general procedure A using 7 mol % (S)-TRIPAg for 72 h, and isolated as 
pale brown powder (41.6 mg, 73% yield): mp 118–120 °C; Rf = 0.4 (n-hexane/EtOAc, 1/10); 1H 
NMR (400 MHz, CDCl3) δ 1.18 (d, J = 7.2 Hz, 3H), 1.19 (d, J = 6.4 Hz, 3H), 2.59 (d, J = 16.8 Hz, 
1H), 2.65 (d, J = 16.8 Hz, 1H), 3.40 (d, J = 10.8 Hz, 1H), 3.45 (d, J = 10.8 Hz, 1H), 4.45 (qq, J = 7.2, 
6.4 Hz, 1H), 6.44 (d, J = 10.0 Hz, 1H), 6.95 (d, J = 10.0 Hz, 1H), 7.35 (s, 1H); 13C NMR (100 MHz, 
CDCl3) δ 19.6, 19.7, 40.9, 43.0, 44.5, 48.9, 125.5, 127.6, 149.9, 150.0, 169.9, 177.8; IR (ATR)  
2974, 1686, 1666, 1427, 1333, 1272, 1066, 829 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for 
C12H14BrNNaO2+ m/z 306.0100, found 306.0106; [α]20D + 6.38° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 99 : 1 by analytical chiral HPLC. Retention time: 20 
min, 35 min (AS-H column, 60/40 n-hexane/i-PrOH, 1 mL/min, 254 nm). 
 
 
(R)-7-Iodo-2-isopropyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2h) 
Prepared according to the general procedure A using 10 mol % (S)-TRIPAg for 72 h, and isolated as 
pale pink powder (48.6 mg, 73% yield): mp 164–166 °C; Rf = 0.3 (n-hexane/EtOAc, 1/10); 1H NMR 
(400 MHz, CDCl3) δ 1.18 (d, J = 5.2 Hz, 3H), 1.19 (d, J = 6.8 Hz, 3H), 2.58 (d, J = 16.8 Hz, 1H), 
2.65 (d, J = 16.8 Hz, 1H), 3.39 (d, J = 10.0 Hz, 1H), 3.45 (d, J = 10.0 Hz, 1H), 4.45 (qq, J = 6.8, 5.2 
Hz, 1H), 6.43 (d, J = 10.0 Hz, 1H), 6.98 (d, J = 10.0 Hz, 1H), 7.68 (s, 1H); 13C NMR (100 MHz, 
CDCl3) δ 19.6, 19.7, 40.7, 43.0, 45.4, 48.7, 105.3, 125.9, 150.1, 157.9, 169.9, 178.6; IR (ATR)  
2972, 1656, 1422, 1328, 1270, 1243, 1065 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for 
C12H14INNaO2+ m/z 353.9961, found 353.9956; [α]20D + 8.64° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 99 : 1 by analytical chiral HPLC. Retention time: 30 
min, 39 min (OJ-H column, 80/20 n-hexane/i-PrOH, 1 mL/min, 254 nm). 
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(R)-2-(4-Methoxybenzyl)-7-methyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2i) 
Prepared according to the general procedure A using 5 mol % (S)-TRIPAg for 72 h, and isolated as 
colorless oil (44.9 mg (0.187 mmol scale), 81% yield): Rf = 0.1 (n-hexane/EtOAc, 1/1); 1H NMR 
(400 MHz, CDCl3) δ 1.61 (s, 3H), 2.56 (d, J = 16.8 Hz, 1H), 2.61 (d, J = 16.8 Hz, 1H), 3.23 (d, J = 
10.0 Hz, 1H), 3.27 (d, J = 10.0 Hz, 1H), 3.81 (s, 3H), 4.42 (d, J = 14.4 Hz, 1H), 4.48 (d, J = 14.4 Hz, 
1H), 6.25 (d, J = 9.6 Hz, 1H), 6.62 (s, 1H), 6.81 (d, J = 9.6 Hz, 1H), 6.88 (d, J = 8.4 Hz, 2H), 7.19 (d, 
J = 8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 15.8, 41.06, 41.13, 46.1, 53.7, 55.2, 114.2, 127.5, 
128.7, 129.6, 135.7, 145.2, 149.6, 159.3, 171.4, 185.5; IR (ATR)  2924, 1686, 1666, 1637, 1612, 
1585, 1512, 1487 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C18H19NNaO3+ m/z 320.1257, found 
320.1255; [α]20D – 13.4° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 98 : 2 by analytical chiral HPLC. Retention time: 32 
min, 35 min (OJ-H column, 70/30 n-hexane/i-PrOH, 0.5 mL/min, 254 nm). 
 
 
(R)-2-(tert-Butyl)-7-methyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2j) 
Prepared according to the general procedure A using 5 mol % (S)-TRIPAg for 48 h, and isolated as a 
pale brown powder (18.7 mg (0.1 mmol scale), 80% yield): mp 84–86 °C; Rf = 0.5 (n-hexane/EtOAc, 
1/2); 1H NMR (400 MHz, CDCl3) δ 1.44 (s, 9H), 1.92 (s, 3H), 2.49 (d, J = 16.4 Hz, 1H), 2.53 (d, J = 
16.4 Hz, 1H), 3.45 (d, J = 10.0 Hz, 1H), 3.48 (d, J = 10.0 Hz, 1H), 6.21 (d, J = 10.0 Hz, 1H), 6.71 (s, 
1H), 6.92 (d, J = 10.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 15.9, 27.6, 40.8, 42.7, 53.2, 54.5, 
128.9, 135.9, 145.5, 149.9, 171.9, 185.7; IR (ATR)  2974, 1684, 1666, 1637, 1457, 1400, 1365, 
1335 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C14H19NNaO2+ m/z 256.1308, found 256.1298; 
[α]20D – 1.2° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 97 : 3 by analytical chiral HPLC. Retention time: 5 min, 
7 min (OJ-H column, 70/30 n-hexane/i-PrOH, 1 mL/min, 254 nm). 
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(R)-7-Methyl-2-(2-methylallyl)-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2k) 
Prepared according to the general procedure using 5 mol % (S)-TRIPAg for 72 h, and isolated as 
colorless oil (42.3 mg, 91% yield): Rf = 0.3 (n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) δ 
1.73 (s, 3H), 1.91 (s, 3H), 2.56 (d, J = 17.2 Hz, 1H), 2.60 (d, J = 17.2 Hz, 1H), 3.30 (d, J = 10.4 Hz, 
1H), 3.33 (d, J = 10.2 Hz, 1H), 3.86 (d, J = 15.2 Hz, 1H), 3.91 (d, J = 15.2 Hz, 1H), 4.85 (s, 1H), 
4.95 (s, 1H), 6.30 (d, J = 10.0 Hz, 1H), 6.67 (s, 1H), 6.87 (d, J = 10.0 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 15.8, 20.0, 41.1, 41.4, 49.1, 54.4, 114.1, 129.0, 136.1, 139.6, 145.2, 149.6, 171.7, 185.4; IR 
(ATR)  2922, 1688, 1665, 1635, 1488, 1421, 1402, 1376 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd 
for C14H17NNaO2+ m/z 254.1151, found 254.1152; [α]20D – 1.4° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 97 : 3 by analytical chiral HPLC. Retention time: 29 
min, 31 min (OJ-H column, 80/20 n-hexane/iPrOH, 0.3 mL/min, 254 nm). 
 
 
(S)-3-Isopropyl-8-methyl-3-azaspiro[5.5]undeca-7,10-diene-2,9-dione (2l) 
Prepared according to the general procedure A using 10 mol % (S)-TRIPAg for 72 h, and isolated as 
white solid (29.5 mg, 63% yield): mp 111–113 °C; Rf = 0.1 (n-hexane/EtOAc, 1/2); 1H NMR (400 
MHz, CDCl3) δ 1.19 (d, J = 6.8 Hz, 3H), 1.20 (d, J = 6.8 Hz, 3H), 1.90-1.96 (m, 5H), 2.42 (s, 2H), 
3.40 (t, J = 6.4 Hz, 2H), 4.98 (qq, J = 6.8, 6.8 Hz, 1H), 6.31 (d, J = 10.0 Hz, 1H), 6.61 (s, 1H), 6.83 
(d, J = 10.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 16.0, 19.09, 19.11, 32.4, 37.4, 39.0, 40.7, 44.0, 
129.0, 135.7, 146.4, 150.7, 166.0, 185.8; IR (ATR)  2973, 1664, 1627, 1495, 1455, 1415, 1368, 
1322 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C14H19NNaO2+ m/z 256.1308, found 256.1301; 
[α]20D + 3.8° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 98 : 2 by analytical chiral HPLC. Retention time: 79 
min, 87 min (AD-H column, 97/3 n-hexane/i-PrOH, 1 mL/min, 254 nm). 
 
 
(R)-7-Allyl-2-(4-methoxybenzyl)-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2m) 
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Prepared according to the general procedure A using 10 mol % (S)-TRIPAg for 72 h, and isolated as 
colorless oil (55.0 mg, 85% yield): Rf = 0.2 (n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) δ 
2.60 (s, 2H), 3.03 (d, J = 6.4 Hz, 2H), 3.25 (d, J = 10.4 Hz, 1H), 3.27 (d, J = 10.4 Hz, 1H), 3.80 (s, 
3H), 4.42 (d, J = 14.4 Hz, 1H), 4.49 (d, J = 14.4 Hz, 1H), 5.07 (d, J = 17.2 Hz, 1H), 5.10 (d, J = 10.0 
Hz, 1H), 5.76 (ddd, J = 17.2, 10.0, 6.4 Hz, 1H), 6.27 (d, J = 10.0 Hz, 1H), 6.58 (s, 1H), 6.84 (d, J = 
10.0 Hz, 1H), 6.88 (d, J = 8.4 Hz, 2H), 7.19 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 32.8, 
41.1, 41.2, 46.0, 53.6, 55.2, 114.1, 117.4, 127.5, 128.9, 129.5, 134.4, 137.9, 145.1, 149.4, 159.2, 
171.4, 184.6; IR (ATR)  2923, 1687, 1664, 1635, 1611, 1512, 1486, 1417 cm−1; HRMS (ESI-TOF) 
[M + Na]+ calcd for C20H21NNaO3+ m/z 346.1414, found 346.1414; [α]20D – 31.5° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 97 : 3 by analytical chiral HPLC. Retention time: 17 
min, 19 min (OJ-H column, 75/25 n-hexane/i-PrOH, 1 mL/min, 254 nm). 
 
 
(R)-2-(4-Methoxybenzyl)-7-phenyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2n) 
Prepared according to the general procedure A using 10 mol % (S)-TRIPAg for 72 h, and isolated as 
pale yellow oil (68.0 mg, 94% yield): Rf = 0.3 (n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) 
δ 2.68 (s, 2H), 3.35 (s, 2H), 3.79 (s, 3H), 4.44 (d, J = 14.8 Hz, 1H), 4.48 (d, J = 14.8 Hz, 1H), 6.36 
(d, J = 10.0 Hz, 1H), 6.84-6.90 (m, 4H), 7.20 (d, J = 8.8 Hz, 2H), 7.28-7.37 (m, 5 H); 13C NMR (100 
MHz, CDCl3) δ 41.3, 41.5, 46.1, 53.8, 55.2, 114.2, 127.5, 128.0, 128.2, 128.5, 129.61, 129.69, 134.9, 
139.3, 147.0, 148.7, 159.3, 171.2, 183.6; IR (ATR)  2927, 1679, 1663, 1631, 1512, 1488, 1417, 
1362 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C23H21NNaO3+ m/z 382.1414, found 382.1411; 
[α]20D – 65.4° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 98 : 2 by analytical chiral HPLC. Retention time: 29 
min, 34 min (OJ-H column, 60/40 n-hexane/i-PrOH, 0.5 mL/min, 254 nm). 
 
  
(R)-2-(4-Methoxybenzyl)-7-(4-methoxyphenyl)-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2o) 
Prepared according to the general procedure A using 10 mol % (S)-TRIPAg for 72 h, and isolated as 
pale yellow oil (70.2 mg, 90% yield): Rf = 0.3 (n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) 
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δ 2.67 (s, 2H), 3.34 (s, 2H), 3.794 (s, 3H), 3.802 (s, 3H), 4.43 (d, J = 14.8 Hz, 1H), 4.48 (d, J = 14.8 
Hz, 1H), 6.35 (d, J = 10.0 Hz, 1H), 6.79-6.91 (m, 6H), 7.20 (d, J = 8.4 Hz, 2H), 7.27 (d, J = 8.8 Hz, 
2H); 13C NMR (100 MHz, CDCl3) δ 41.4, 41.5, 46.1, 53.8, 55.2, 55.2, 113.5, 114.2, 127.2, 127.5, 
129.6, 129.7, 129.8, 138.7, 146.0, 148.7, 159.3, 159.6, 171.2, 183.9; IR (ATR)  2935, 1684, 1662, 
1631, 1608, 1510, 1418, 1291 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C24H23NNaO4+ m/z 
412.1519, found 412.1510; [α]20D – 83.0° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 98 : 2 by analytical chiral HPLC.  Retention time: 16 
min, 18 min (AD-H column, 70/30 n-hexane/i-PrOH, 1 mL/min, 254 nm). 
 
 
(R)-7-(4-Chlorophenyl)-2-(4-methoxybenzyl)-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2p) 
Prepared according to the general procedure A using 10 mol % (S)-TRIPAg for 72 h, and isolated as 
colorless gum (72.0 mg, 91% yield): Rf = 0.2 (n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) δ 
2.68 (s, 2H), 3.35 (s, 2H), 3.80 (s, 3H), 4.43 (d, J = 14.8 Hz, 1H), 4.50 (d, J = 14.8 Hz, 1H), 6.37 (d, 
J = 9.6 Hz, 1H), 6.83-6.90 (m, 4H), 7.18-7.27 (m, 4H), 7.33 (d, J = 8.4 Hz, 2H); 13C NMR (100 
MHz, CDCl3) δ 41.3, 41.6, 46.1, 53.7, 55.2, 114.3, 127.5, 128.3, 129.65, 129.67, 129.9, 133.3, 134.3, 
138.3, 147.2, 148.9, 159.4, 171.1, 183.3; IR (ATR)  2928, 1686, 1663, 1632, 1512, 1488, 1417, 
1360 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C23H20ClNNaO3+ m/z 416.1024, found 416.1016; 
[α]20D – 76.4° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 96 : 4 by analytical chiral HPLC. Retention time: 40 
min, 43 min (AD-H column, 70/30 n-hexane/i-PrOH, 0.3 mL/min, 254 nm). 
 
  
(R)-2-(4-Methoxybenzyl)-7-(naphthalen-2-yl)-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2q) 
Prepared according to the general procedure A using 10 mol % (S)-TRIPAg for 72 h, and isolated as 
white powder (78.6 mg, 96% yield): mp 77–79 °C; Rf = 0.2 (n-hexane/EtOAc, 1/2); 1H NMR (400 
MHz, CDCl3) δ 2.73 (s, 2H), 3.39 (s, 2H), 3.80 (s, 3H), 4.45 (d, J = 14.4 Hz, 1H), 4.52 (d, J = 14.4 
Hz, 1H), 6.42 (d, J = 10.0 Hz, 1H), 6.86-6.93 (m, 3H), 6.97 (d, J = 3.2 Hz, 1H), 7.22 (d, J = 8.8 Hz, 
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2H), 7.42-7.51 (m, 3H), 7.80-7.87 (m, 4H); 13C NMR (100 MHz, CDCl3) δ 41.5, 41.7, 46.2, 53.9, 
55.3, 114.3, 126.2, 126.37, 126.42, 127.57, 127.57, 127.59, 127.8, 128.2, 129.7, 129.9, 132.5, 133.06, 
133.10, 139.5, 147.4, 148.8, 159.4, 171.3, 183.9; IR (ATR)  2928, 1687, 1663, 1632, 1610, 1512, 
1486, 1418 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C27H23NNaO3+ m/z 432.1570, found 
432.1581; [α]20D – 91.1° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 98 : 2 by analytical chiral HPLC. Retention time: 19 
min, 24 min (AD-H column, 70/30 n-hexane/i-PrOH, 1 mL/min, 254 nm). 
 
 
(R)-1'-(4-Methoxybenzyl)-4H-spiro[naphthalene-1,3'-pyrrolidine]-4,5'-dione (2r) 
Prepared according to the general procedure A using 10 mol % (S)-TRIPAg for 72 h, and isolated as 
colorless oil (23.0 mg, 34% yield): Rf = 0.2 (n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) δ 
2.84 (d, J = 17.6 Hz, 1H), 2.96 (d, J = 17.6 Hz, 1H), 3.46 (d, J = 10.4 Hz, 1H), 3.59 (d, J = 10.4 Hz, 
1H), 3.80 (s, 3H), 4.49 (d, J = 14.4 Hz, 1H), 4.57 (d, J = 14.4 Hz, 1H), 6.42 (d, J = 10.0 Hz, 1H), 
6.88 (d, J = 8.4 Hz, 2H), 6.92 (d, J = 10.0 Hz, 1H), 7.23 (d, J = 8.4 Hz, 2H), 7.37-7.45 (m, 2H), 7.56 
(dd, J = 7.6, 7.6 Hz, 1H), 8.14 (d, J = 7.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 40.1, 45.2, 46.3, 
55.3, 58.1, 114.3, 125.6, 126.9, 127.52, 127.54, 127.8, 129.8, 130.8, 133.5, 146.2, 150.9, 159.4, 
171.5, 183.8; IR (ATR)  2929, 1686, 1662, 1601, 1513, 1489, 1456, 1419 cm−1; HRMS (ESI-TOF) 
[M + Na]+ calcd for C21H19NNaO3+ m/z 356.1257, found 356.1251; [α]20D – 59.0° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 94 : 6 by analytical chiral HPLC. Retention time: 76 
min, 92 min (OD-H column, 70/30 n-hexane/i-PrOH, 0.3 mL/min, 254 nm). 
 
Characterization of the products of C–H insertion reactions and Büchner reactions 
  
2-Isopropyl-4-methyl-2,3-dihydrocyclohepta[c]pyrrole-1,6-dione (3a) 
Red-brown crystal: mp 130–131 °C; Rf = 0.2 (n-hexane/EtOAc, 1/10); 1H NMR (400 MHz, CDCl3) 
δ 1.31 (d, J = 6.8 Hz, 6H), 2.33 (s, 3H), 4.21 (s, 2H), 4.59 (sep, J = 6.8 Hz, 1H), 7.05-7.09 (m, 2H), 
7.59 (d, J = 12.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 20.8, 22.1, 43.3, 47.3, 130.4, 134.8, 141.1, 
141.3, 143.6, 149.6, 167.7, 186.7; IR (ATR)  2973, 1681, 1627, 1568, 1455, 1385, 1296, 1242 
cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C13H15NNaO2+ m/z 240.0995, found 240.1007. 
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1-(4-hydroxy-2-methylbenzyl)-4,4-dimethylazetidin-2-one (4a) 
White powder: mp 109–110 °C; Rf = 0.5 (n-hexane/EtOAc, 1/10); 1H NMR (400 MHz, CDCl3) δ 
1.17 (s, 6H), 2.30 (s, 3H), 2.73 (s, 2H), 4.29 (s, 2H), 6.60 (s, 1H), 6.64 (d, J = 8.0 Hz, 1H), 6.68 (s, 
1H), 7.04 (d, J = 8.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 19.2, 24.9, 41.2, 50.3, 56.4, 112.8, 
117.6, 125.5, 131.0, 138.3, 156.0, 166.5; IR (ATR)  3257, 2969, 1713, 1608, 1585, 1504, 1405, 
1284, 1162 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C13H17NNaO2+ m/z 242.1151, found 
242.1145. 
 
 
1-(4-Hydroxy-2-methylbenzyl)-5-methylpyrrolidin-2-one (5a) 
Pale orange crystal: mp 117–118 °C; Rf = 0.3 (n-hexane/EtOAc, 1/10); 1H NMR (400 MHz, CDCl3) 
δ 1.15 (d, J = 6.4 Hz, 3H), 1.62 (m, 1H), 2.14 (m, 1H), 2.21 (s, 3H), 2.41 (ddd, J = 16.8, 9.6, 6.0 Hz, 
1H), 2.53 (m, 1H), 3.49 (m, 1H), 3.93 (d, J = 14.8 Hz, 1H), 4.91 (d, J = 14.8 Hz, 1H), 6.63 (d, J = 
8.0 Hz, 1H), 6.67 (s, 1H), 6.73 (br s, 1H), 6.95 (d, J = 8.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 
19.3, 19.4, 26.3, 30.1, 41.6, 52.8, 112.8, 117.6, 125.5, 130.0, 138.0, 155.7, 174.8; IR (ATR)  3190, 
2970, 1652, 1583, 1504, 1456, 1241, 1109 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for 
C13H17NNaO2+ m/z 242.1151, found 242.1148. 
 
 
(R)-7-methyl-2-(2-phenylpropan-2-yl)-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (2s) 
Prepared according to the general procedure A using 5 mol % (S)-TRIPAg for 48 h, and isolated as 
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pale pink oil (55% yield): Rf = 0.4 (n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) δ 1.81 (s, 
6H), 1.89 (s, 3H), 2.51 (d, J = 16.4 Hz, 1H), 2.56 (d, J = 16.4 Hz, 1H), 3.31 (d, J = 10.4 Hz, 1H), 
3.35 (d, J = 10.4 Hz, 1H), 6.28 (d, J = 10.0 Hz, 1H), 6.69 (s, 1H), 6.91 (d, J = 10.0 Hz, 1H), 7.27 (m, 
1H), 7.33-7.40 (m, 4H); 13C NMR (100 MHz, CDCl3) δ 15.9, 27.4, 27.5, 41.1, 42.7, 54.1, 59.5, 
125.0, 127.1, 128.5, 128.9, 135.9, 145.3, 145.6, 149.6, 171.8, 185.6; IR (ATR)  2978, 1689, 1666, 
1637, 1447, 1399, 1335, 1248 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C19H21NNaO2+ m/z 
318.1465, found 318.1455; [α]20D – 11.2° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 98 : 2 by analytical chiral HPLC. Retention time: 22 
min, 26 min (OD-H column, 80/20 n-hexane/i-PrOH, 1 mL/min, 254 nm). 
 
 
2-(4-Hydroxy-3-methylbenzyl)-3,3-dimethyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (14) 
Colorless oil: Rf = 0.6 (n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) δ 1.25 (s, 3H), 1.38 (s, 
3H), 2.18 (s, 3H), 3.13 (m, 1H), 4.45 (d, J = 16.0 Hz, 1H), 4.57 (d, J = 16.0 Hz, 1H), 4.96 (br s, 1H), 
5.38 (dd, J = 9.6, 3.6 Hz, 1H), 6.14 (m, 1H), 6.20 (m, 1H), 6.47-6.58 (m, 2H), 7.00 (d, J = 8.0 Hz, 
1H), 7.15 (d, J = 8.0 Hz, 1H), 7.19 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 16.2, 28.1, 31.0, 42.5, 
45.3, 64.3, 117.3, 120.9, 122.1, 126.1, 127.0, 129.8, 130.30, 130.30, 130.5, 136.4, 142.3, 173.8, 
175.4; IR (ATR)  2926, 2113, 1684, 1499, 1365, 1245, 1192, 1146 cm−1; HRMS (ESI-TOF) [M + 
Na]+ calcd for C19H21NNaO2+ m/z 318.1465, found 318.1467. 
  
N
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2. Studies of chiral amplification and reaction kinetics 
 
2-1. Kinetic studies 
 
General procedure for kinetic experiments 
[cat.] = 2.5 mM, [1a] = 0.05 M, [benzoic acid] = 0.05 M (5 mol % catalyst). 
To a stirred solution of diazocarbonyl compound 1a (0.08 mmol, 19.8 mg) and triphenylmethane (as 
an internal standard, 0.08 mmol, 1eq, 19.5 mg) in 2-butanone (0.05 M, 1.6 mL) in a test tube, 
wrapped with aluminum foil to avoid light, were added benzoic acid (0.08 mmol, 1 eq, 9.8 mg) and 
(S)-TRIPAg (2.5–10 mol %) at 0 °C, and the reaction mixture was stirred at 0 °C. Aliquots were 
taken at recorded times according to the following procedure. The reaction mixture (0.25 mL) was 
withdrawn with a syringe, and was immediately filtered through short pad of NH silica gel. After the 
solvent was evaporated in vacuo, the crude residue was analyzed by 1H NMR. Yields of the products 
were measured by comparison with internal standard (Figure S-1). 
 
Figure S-1. Initial rate kinetics (catalyst) 
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The order dependency of the reaction with regard to the catalyst was determined to be 0.98. Namely, 
one catalyst complex is participating in the rate-determining step. Detailed kinetics data are 
summarized in Figure S-2. 
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Figure S-2. Kinetics data 
 
[cat.] = 5.00 x 10–3 
Time 
(min) 
Yield 
(%) 
15 13.0 
21 11.0 
27 8.3 
 
[cat.] = 3.75 x 10–3 
Time 
(min) 
Yield 
(%) 
18 11.0 
25 8.5 
32 6.8 
 
[cat.] = 2.50 x 10–3 
Time 
(min) 
Yield 
(%) 
20 6.1 
30 8.0 
40 10.0 
50 12.0 
 
[cat.] = 1.25 x 10–3 
Time 
(min) 
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30 4.8 
42 6.4 
52 7.2 
63 8.2 
74 9.0 
 
[cat.] (M) Initial rate (M/s) 
5.00 x 10–3 4.83 x 10–3 
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General procedure for kinetic experiments (without benzoic acid) 
[cat.] = 2.5 mM, [1] = 0.05 M, (5 mol % catalyst). 
To a stirred solution of diazocarbonyl compound 1 (0.08 mmol, 19.8 mg) and triphenylmethane (as 
an internal standard, 0.08 mmol, 1eq, 19.5 mg) in 2-butanone (0.05 M, 1.6 mL) in a test tube, 
wrapped with aluminum foil, was added (S)-TRIPAg (2.5–10 mol %) at 0 °C. The reaction mixture 
was stirred at the same temperature. Aliquots were taken at recorded times according to the 
following procedure. The reaction mixture (0.25 mL) was withdrawn with a syringe and was 
immediately filtered through short pad of NH silica gel. After the solvent was evaporated in vacuo, 
the crude residue was analyzed by 1H NMR. Yields of the products were measured by comparison 
with the internal standard (Figure S-3). 
 
Figure S-3. Initial rate kinetics (Catalyst) (without benzoic acid) 
[cat.] 
(M) 
log 
[cat.] 
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−2.664 
  
 
The order dependency of the reaction with regard to the catalyst was determined to be 0.52. These 
results indicate that a homochiral dimer consisting of the silver phosphate catalyst exists 
predominantly as a resting state. Detailed kinetics data are summarized in Figure S-4. 
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Figure S-4. Kinetics data (without benzoic acid) 
 
[cat.] = 5.00 x 10–3 
Time 
(min) 
Yield 
(%) 
15 9.0 
22 11.0 
29 13.0 
 
[cat.] = 3.75 x 10–3 
Time 
(min) 
Yield 
(%) 
17 6.4 
24 9.2 
31 11.0 
 
[cat.] = 2.50 x 10–3 
Time 
(min) 
Yield 
(%) 
20 8.0 
30 11.0 
40 13.0 
50 15.0 
 
[cat.] = 1.25 x 10–3 
Time 
(min) 
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(%) 
20 6.0 
30 8.0 
40 9.4 
50 12.0 
60 13.0 
  
[cat.] (M) Initial rate (M/s) 
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1.25 x 10–3 2.17 x 10–3 
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2-2. Chiral amplification and discussion 
 
General procedure for chiral amplification studies (60% ee of the catalyst) 
To a stirred solution of (S)-TRIPAg (4 mol %) and (R)-TRIPAg (1 mol %) in 2-butanone (0.05 M) in 
a test tube, wrapped with aluminum foil to avoid light, were added benzoic acid (1 eq) and 
diazocarbonyl compound 1a at 0 °C, and the reaction mixture was stirred at 0 °C for 8 h. The 
reaction mixture was filtered through short pad of NH silica gel. The filtrate was concentrated under 
reduced pressure and purified by preparative TLC (n-hexane/EtOAc, 1/5) to afford spirocyclic 
compound 2a with 54% ee (Figure S-5). 
 
Figure S-5. Chiral amplification 
eecat eeprod (%) 
20% ee 23% ee 
40% ee 38% ee 
60% ee 54% ee 
80% ee 70% ee 
100% ee 90% ee 
 
 
 
Nonlinear effects were not observed when the enantiomeric excess of the (S)-TRIPAg was changed. 
This result suggests the involvement of a single catalyst in the enantiodetermining step. 
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General procedure for chiral amplification studies (60% ee of the catalyst) (without benzoic 
acid) 
To a stirred solution of (S)-TRIPAg (4 mol %) and (R)-TRIPAg (1 mol %) in 2-butanone (0.05 M) in 
a test tube, wrapped with aluminum foil to avoid light, was added diazoacetamide 1 at 0 °C. The 
reaction mixture was stirred at the same temperature for 24 h, and then filtered through short pad of 
NH silica gel. The filtrate was concentrated under reduced pressure and purified by preparative TLC 
(n-hexane/EtOAc, 1/5) to afford spirocyclic compound (R)-2 with 35% ee (Figure S-6). 
 
Figure S-6. Chiral amplification 
eecat eeprod (%) 
20% ee 11% ee 
40% ee 23% ee 
60% ee 35% ee 
80% ee 54% ee 
100% ee 90% ee 
 
 
 
Negative nonlinear effects were observed when the enantiomeric excess of the (S)-TRIPAg was 
changed. This result suggests the involvement the aggregated catalyst species. 
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3. Synthesis and characterization of substrates 
 
  
4-Hydroxy-3-(naphthalen-2-yl)benzaldehyde (s1) 
A solution of 4-hydroxy-3-iodobenzaldehyde (712.5 mg, 2.87 mmol), 2-naphthaleneboronic acid 
(691.1 mg, 1.4 eq, 4.02 mmol), K2CO3 (1190.0 mg, 3 eq, 8.61 mmol), and PdCl2(PPh3)2 (100.7 mg, 
5 mol %, 0.14 mmol) in dioxane/H2O (3/1, 0.2 M) was stirred for 17 h at 100 °C. The reaction was 
quenched with 1 N aqueous HCl, extracted with EtOAc, washed with brine, dried over Na2SO4, 
concentrated under reduced pressure, and purified by flash chromatography on silica gel 
(n-hexane/EtOAc, 3/1) to afford s1 as white solid (631.9 mg, 89% yield): mp 157–159 °C; Rf = 0.17 
(n-hexane/EtOAc, 3/1); 1H NMR (400 MHz, CDCl3) δ 6.04 (s, 1H), 7.16 (d, J = 8.0 Hz, 1H), 
7.54-7.60 (m, 3H), 7.85 (d, J = 8.0 Hz, 1H), 7.87-7.93 (m, 3H), 7.96 (s, 1H), 8.00 (d, J = 8.0 Hz, 1H), 
9.93 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 116.6, 126.6, 126.9, 127.0, 127.9, 128.1, 128.8, 129.6, 
130.3, 131.5, 132.66, 132.67, 132.8, 133.0, 133.5, 158.2, 190.8; IR (ATR)  3132, 2963, 1662, 1579, 
1509, 1303, 1285, 1238 cm−1; HRMS (ESI-TOF) [M + H]+ calcd for C17H13O2+ m/z 249.0910, found 
249.0902. 
 
 
(4-((tert-Butyldimethylsilyl)oxy)naphthalen-1-yl)methanol (s2) 
To a stirred solution of 4-((tert-butyldimethylsilyl)oxy)-1-naphthaldehyde22 (1.3 g, 4.5 mmol) in 
MeOH (7 mL) and THF (2 mL) was added NaBH4 (253.8 mg, 1.5 eq, 6.7 mmol) at 0 °C. After being 
stirred for 1.5 h at room temperature, the reaction was quenched with H2O, and the solvent was 
removed under reduced pressure. The reaction mixture was extracted with EtOAc, washed with brine, 
dried over Na2SO4, and concentrated under reduced pressure. The crude mixture was purified by 
flash chromatography on silica gel (n-hexane/EtOAc, 3/1) to afford s2 as yellow oil (1.2 g, 94% 
yield): Rf = 0.3 (n-hexane/EtOAc, 3/1); 1H NMR (400 MHz, CDCl3) δ 0.27 (s, 6H), 1.09 (s, 9H), 
2.00 (br s, 1H), 4.97 (s, 2H), 6.78 (d, J = 8.0 Hz, 1H), 7.28 (d, J = 7.2 Hz, 1H), 7.45-7.55 (m, 2H), 
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8.05 (d, J = 7.6 Hz, 1H), 8.23 (d, J = 7.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ -4.3, 18.4, 25.8, 
63.5, 111.7, 123.2, 123.7, 125.1, 126.2, 126.6, 128.2, 129.2, 132.7, 152.0; IR (ATR)  3314, 2929, 
1582, 1511, 1462, 1389, 1275, 1250 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C17H24NaO2Si+ 
m/z 311.1438, found 311.1441. 
 
 
(4-((tert-Butyldimethylsilyl)oxy)naphthalen-1-yl)methyl acetate (s3) 
To a stirred solution of s2 (1.2 g, 4.2 mmol) in pyridine (42 mL, 0.1 M) was added AcCl (0.6 mL, 2 
eq, 8.4 mmol). After the reaction mixture was stirred for 30 min at room temperature, most of the 
pyridine was removed under reduced pressure. The crude mixture was dissolved in EtOAc, washed 
with H2O, saturated aqueous NH4Cl, and brine, dried over Na2SO4, and concentrated under reduced 
pressure. The crude mixture was purified by flash chromatography on silica gel (n-hexane/EtOAc, 
3/1) to afford s3 as yellow solid (1.3 g, 92% yield): mp 33–34 °C; Rf = 0.6 (n-hexane/EtOAc, 3/1); 
1H NMR (400 MHz, CDCl3) δ 0.29 (s, 6H), 1.09 (s, 9H), 2.06 (s, 3H), 5.48 (s, 2H), 6.81 (d, J = 7.6 
Hz, 1H), 7.39 (d, J = 7.6 Hz, 1H), 7.47-7.56 (m, 2H), 7.96 (d, J = 8.8 Hz, 1H), 8.26 (d, J = 8.8 Hz, 
1H); 13C NMR (100 MHz, CDCl3) δ -4.3, 18.4, 21.0, 25.8, 64.6, 111.5, 123.2, 123.5, 124.1, 125.1, 
126.8, 128.1, 128.5, 133.2, 152.6, 171.0; IR (ATR)  2953, 1737, 1582, 1513, 1463, 1393, 1218, 
1159 cm−1; HRMS (ESI-TOF) [2M + Na]+ calcd for C38H52NaO6Si2+ m/z 683.3195, found 683.3182. 
 
 
1-(4-((tert-Butyldimethylsilyl)oxy)naphthalen-1-yl)-N-(4-methoxybenzyl)methanamine (s4) 
To a stirred solution of s3 (1.1 g, 3.4 mmol), TBAI (126.7 mg, 10 mol %, 0.34 mmol), and Et3N 
(0.48 mL, 1 eq, 3.4 mmol) in THF (17 mL, 0.2 M) was added PMBNH2 (1.3 mL, 3 eq, 10.3 mmol). 
After the reaction mixture was stirred for 24 h at 60 °C, the reaction was quenched with H2O, 
extracted with EtOAc, washed with brine, dried over Na2SO4, and concentrated under reduced 
pressure. The crude mixture was purified by flash chromatography on silica gel (gradient elution: 
n-hexane/EtOAc, 5/1 → 3/1) to afford s4 as yellow oil (580.6 mg, 42% yield): Rf = 0.3 
(n-hexane/EtOAc, 3/1); 1H NMR (400 MHz, CDCl3) δ 0.27 (s, 6H), 1.09 (s, 9H), 1.72 (br s, 1H), 
OTBS
OAc
OTBS
NHPMB
- 57 - 
 
3.78 (s, 3H), 3.82 (s, 2H), 4.12 (s, 2H), 6.79 (d, J = 7.2 Hz, 1H), 6.87 (d, J = 8.4 Hz, 2H), 7.25-7.31 
(m, 3H), 7.43-7.52 (m, 2H), 8.01 (d, J = 7.6 Hz, 1H), 8.23 (d, J = 7.6 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ -4.3, 18.4, 25.9, 50.6, 53.0, 55.2, 111.8, 113.7, 123.2, 123.7, 124.8, 126.2, 126.4, 128.2, 
128.6, 129.4, 132.5, 133.1, 151.2, 158.6; IR (ATR)  2953, 1707, 1584, 1510, 1461, 1390, 1273, 
1244 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C25H33NNaO2Si+ m/z 430.2173, found 430.2167. 
 
General procedure B and C for the preparation of diazocarbonyl compounds 
 
General procedure B 
To a stirred solution of aldehyde in MeOH (0.5 M) was added primary amine (1 eq), and the reaction 
mixture was stirred for 24 h at room temperature. Then NaBH4 (1.2 eq) was added to the mixture at 
0 °C, and stirring was continued for additional 3 h at 0 °C. The reaction was quenched with water, 
concentrated under reduced pressure to remove most of the MeOH, and extracted with EtOAc. The 
organic layer was acidified with 1 N aqueous HCl, and the water layer was washed with EtOAc. The 
aqueous solution was basified with 1 N aqueous NaOH, extracted with EtOAc×3, washed with brine, 
dried over Na2SO4, and concentrated under reduced pressure to affored crude secondary amine, 
which was used for the next step without further purification. 
   To a stirred solution of crude secondary amine in THF (0.5 M) were added Et3N (2 eq) and 
2,5-dioxopyrrolidin-1-yl 2-diazoacetate23 at room temperature, and the reaction mixture was stirred 
for 24 h at room temperature. The reaction was quenched with N,N-dimethyl-1,3-propane-diamine (2 
eq), filtered through celite, concentrated under reduced pressure, and purified by flash 
chromatography on silica gel (column condition given below) to afford diazocarbonyl compound. 
 
General procedure C 
To a stirred solution of aldehyde in MeOH (0.5 M) was added primary amine (1 eq), and the reaction 
mixture was stirred for 24 h at room temperature. Then NaBH4 (1.2 eq) was added to the mixture at 
0 °C, and stirring was continued for additional 3 h at 0 °C. The reaction was quenched with water, 
and concentrated under reduced pressure to remove most of the MeOH. EtOAc and 1 N aqueous 
HCl were added to the solution to give white precipitate, which was filtered out, washed with cold 
water, and dried under reduced pressure to afford secondary amine as HCl salt.  
N
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   To a stirred solution of secondary amine HCl salt in THF (0.5 M) were added Et3N (3 eq) and 
2,5-dioxopyrrolidin-1-yl 2-diazoacetate23 at room temperature, and the reaction mixture was stirred 
for 24 h at room temperature. The reaction was quenched with N,N-dimethyl-1,3-propane-diamine (2 
eq), filtered through celite, concentrated under reduced pressure, and purified by flash 
chromatography on silica gel (column condition given below) to afford diazocarbonyl compound. 
 
 
2-Diazo-N-(4-hydroxy-2-methylbenzyl)-N-isopropylacetamide (1a) 
Prepared according to the general procedure B using 4-hydroxy-2-methylbenzaldehyde (319.8 mg, 
2.35 mmol) and iPrNH2, and isolated as yellow powder (262.5 mg, 1.06 mmol) in 45% yield (2 
steps) (column condition; gradient elution: n-hexane/EtOAc, 3/2 → 1/1): mp 122–124 °C; Rf = 0.5 
(n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) δ 1.13 (d, J = 6.8 Hz, 6H), 2.24 (s, 3H), 4.18 
(br s, 2H), 4.50-5.08 (m, 2H), 5.34 (s, 1H), 6.64 (d, J = 8.4 Hz, 1H), 6.67 (s, 1H), 6.99 (d, J = 8.4 Hz, 
1H); 13C NMR (100 MHz, CDCl3) δ 18.9, 20.4, 43.2, 46.9, 47.6, 113.1, 117.6, 126.7, 127.0, 135.7, 
155.5, 167.2; IR (ATR)  3262, 2978, 2357, 2104, 1575, 1502, 1429, 1371, 1355, 1293, 1240, 1204, 
1069, 1008, 955, 862 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C13H17N3NaO2+ m/z 270.1213, 
found 270.1223. 
 
 
2-Diazo-N-(4-hydroxy-3-methylbenzyl)-N-isopropylacetamide (1b) 
Prepared according to the general procedure B using 4-hydroxy-3-methylbenzaldehyde (378.6 mg, 
2.78 mmol) and iPrNH2, and isolated as yellow powder (199.4 mg, 0.81 mmol) in 29% yield (2 
steps) (column condition; gradient elution: CH2Cl2/EtOAc, 20/1 → 10/1): mp 115–116 °C; Rf = 0.63 
(n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) δ 1.13 (d, J = 6.8 Hz, 6H), 2.23 (s, 3H), 4.25 
(br s, 2 H), 4.62-5.15 (m, 2H), 6.77 (d, J = 8.0 Hz, 1H), 6.85 (d, J = 8.0 Hz, 1H), 6.93 (s, 1H); 13C 
NMR (100 MHz, CDCl3) δ 15.9, 20.6, 45.2, 47.0, 47.7, 115.2, 124.6, 124.7, 128.7, 129.2, 153.9, 
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167.1; IR (ATR)  3250, 2977, 2104, 1576, 1510, 1430, 1371, 1346, 1268, 1198, 1119, 1071, 730 
cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C13H17N3NaO2+ m/z 270.1213, found 270.1224. 
 
 
2-Diazo-N-(4-hydroxy-2-methoxybenzyl)-N-isopropylacetamide (1d) 
Prepared according to the general procedure B using 4-hydroxy-2-methoxybenzaldehyde (456.5 mg, 
3 mmol) and iPrNH2, and isolated as yellow powder (624.0 mg, 2.37 mmol) in 79% yield (2 steps) 
(column condition; gradient elution: CH2Cl2/EtOAc, 10/1 → 5/1): mp 101–102 °C; Rf = 0.5 
(n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) δ 1.12 (d, J = 6.4 Hz, 6H), 3.79 (s, 3H), 4.19 
(br s, 2H), 4.81 (br s, 1H), 4.91 (s, 1H), 6.43 (d, J = 7.6 Hz, 1H), 6.48 (s, 1H), 6.90 (d, J = 8.4 Hz, 
1H); 13C NMR (100 MHz, CDCl3) δ 20.2, 40.4, 46.7, 47.4, 55.1, 98.8, 107.0, 117.0, 127.6, 157.0, 
157.2, 167.1; IR (ATR)  3206, 2974, 2101, 1658, 1584, 1423, 1369, 1296, 1199, 1113, 1035, 957, 
836, 733 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C13H17N3NaO3+ m/z 286.1162, found 
286.1150. 
 
 
2-Diazo-N-(3-fluoro-4-hydroxybenzyl)-N-isopropylacetamide (1e) 
Prepared according to the general procedure B using 3-fluoro-4-hydroxybenzaldehyde (336.3 mg, 
2.4 mmol) and iPrNH2, and isolated as yellow gum (239.6 mg, 0.95 mmol) in 40% yield (2 steps) 
(column condition; gradient elution: n-hexane/EtOAc, 3/2 → 1/1): Rf = 0.3 (n-hexane/EtOAc, 1/1); 
1H NMR (400 MHz, CDCl3) δ 1.13 (d, J = 6.8 Hz, 6H), 4.30 (br s, 2H), 4.61 (s, 1H), 4.85 (br s, 1H), 
6.78 (br s, 1H), 6.84 (d, J = 8.0 Hz, 1H), 6.88-6.96 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 20.5, 
44.6, 47.3, 47.7, 113.8 (d, J = 19.1 Hz), 117.9, 122.1, 130.3, 143.4 (d, J = 13.4 Hz), 151.5 (d, J = 
240.6 Hz), 167.1; IR (ATR)  3122, 2979, 2106, 1573, 1518, 1423, 1348, 1291 cm−1; HRMS 
(ESI-TOF) [M + Na]+ calcd for C12H14FN3NaO2+ m/z 274.0962, found 274.0949. 
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N-(3-Chloro-4-hydroxybenzyl)-2-diazo-N-isopropylacetamide (1f) 
Prepared according to the general procedure B using 3-chloro-4-hydroxybenzaldehyde (626.3 mg, 
4.0 mmol) and iPrNH2, and isolated as yellow powder (169.7 mg, 2.2 mmol) in 54% yield (2 steps) 
(column condition; gradient elution: n-hexane/EtOAc, 2/1 → 1/1): mp 90–91 °C; Rf = 0.62 
(n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) δ 1.13 (d, J = 6.8 Hz, 6H), 4.31 (br s, 2H), 4.86 
(br s, 2H), 6.95 (d, J = 8.4 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 7.20 (s, 1H); 13C NMR (100 MHz, 
CDCl3) δ 20.7, 44.6, 47.4, 47.7, 116.8, 120.6, 126.2, 127.4, 131.2, 151.3, 166.9; IR (ATR)  3115, 
2978, 2104, 1569, 1501, 1417, 1371, 1344, 1285, 1201, 1072, 731 cm−1; HRMS (ESI-TOF) [M + 
Na]+ calcd for C12H14ClN3NaO2+ m/z 290.0667, found 290.0670. 
 
 
N-(3-Bromo-4-hydroxybenzyl)-2-diazo-N-isopropylacetamide (1g) 
Prepared according to the general procedure B using 3-bromo-4-hydroxybenzaldehyde (482.4 mg, 
2.4 mmol) and iPrNH2, and isolated as yellow powder (188.9 mg, 0.61 mmol) in 25% yield (2 steps) 
(column condition; gradient elution: n-hexane/EtOAc, 3/2 → 1/1): mp 49–50 °C; Rf = 0.3 
(n-hexane/EtOAc, 1/1); 1H NMR (400 MHz, CDCl3) δ 1.13 (d, J = 6.8 Hz, 6H), 4.31 (br s, 2H), 4.84 
(br s, 1H), 5.59 (br s, 1H), 6.97 (d, J = 8.4 Hz, 1H), 7.09 (d, J = 8.4 Hz, 1H), 7.35 (s, 1H); 13C NMR 
(100 MHz, CDCl3) δ 20.8, 44.4, 47.3, 47.4, 110.5, 116.4, 127.2, 130.1, 132.2, 151.8, 166.6; IR 
(ATR)  3112, 2977, 2103, 1568, 1415, 1370, 1281, 1071, 1042, 729, 664 cm−1; HRMS (ESI-TOF) 
[M + Na]+ calcd for C12H14BrN3NaO2+ m/z 334.0162, found 334.0158. 
 
OH
N
iPr
O
N2
Cl
OH
N
iPr
O
N2
Br
- 61 - 
 
 
2-Diazo-N-(4-hydroxy-3-iodobenzyl)-N-isopropylacetamide (1h) 
Prepared according to the general procedure B using 4-hydroxy-3-iodobenzaldehyde (470.3 mg, 1.9 
mmol) and iPrNH2, and isolated as yellow powder (153.9 mg, 0.45 mmol) in 23% yield (2 steps) 
(column condition; gradient elution: n-hexane/EtOAc, 3/2 → 1/1): mp 126–128 °C; Rf = 0.3 
(n-hexane/EtOAc, 1/1); 1H NMR (400 MHz, CDCl3) δ 1.13 (d, J = 6.8 Hz, 6H), 4.29 (br s, 2H), 4.84 
(br s, 1 H), 5.91 (br s, 1H), 6.92 (d, J = 8.0 Hz, 1H), 7.09 (d, J = 8.0 Hz, 1H), 7.52 (s, 1H); 13C NMR 
(100 MHz, CDCl3) δ 20.8, 44.3, 47.3, 47.5, 85.5, 115.3, 128.2, 132.4, 136.3, 154.6, 166.6; IR (ATR) 
 3111, 2977, 2104, 1564, 1412, 1369, 1280, 1200 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for 
C12H14IN3NaO2+ m/z 382.0023, found 382.0041. 
 
 
2-Diazo-N-(4-hydroxy-3-methylbenzyl)-N-(4-methoxybenzyl)acetamide (1i) 
Prepared according to the general procedure B using 4-hydroxy-3-methylbenzaldehyde (326.8 mg, 
2.4 mmol) and PMBNH2, and isolated as yellow gum (428.6 mg, 1.32 mmol) in 55% yield (2 steps) 
(column condition; gradient elution: n-hexane/EtOAc, 3/2 → 1/1): Rf = 0.4 (n-hexane/EtOAc, 1/1); 
1H NMR (400 MHz, CDCl3) δ 2.23 (s, 3H), 3.80 (s, 3H), 4.35 (br s, 4H), 5.00 (s, 1H), 6.01 (br s, 
1H), 6.74 (d, J = 8.4 Hz, 1H), 6.84-6.95 (m, 4H), 7.08-7.20 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 
15.8, 47.2, 48.7, 49.0, 55.1, 114.1, 115.2, 124.9, 125.6, 127.1, 128.60, 128.60, 129.8, 154.4, 159.0, 
166.9; IR (ATR)  3265, 2932, 2108, 1580, 1512, 1439, 1352, 1248 cm−1; HRMS (ESI-TOF) [M + 
Na]+ calcd for C18H19N3NaO3+ m/z 348.1319, found 348.1330. 
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2-Diazo-N-(4-hydroxy-3-methylbenzyl)-N-(2-methylallyl)acetamide (1k) 
Prepared according to the general procedure B using 4-hydroxy-2-methylbenzaldehyde (136.2 mg, 1 
mmol) and 2-methylprop-2-en-1-amine (0.09 mL, 1 mmol), and isolated as yellow oil (214.0 mg, 
0.83 mmol) in 83% yield (2 steps) (column condition; n-hexane/EtOAc, 1/1): Rf = 0.6 
(n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) δ 1.67 (s, 3H), 2.20 (s, 3H), 3.74 (br s, 2H), 
4.35 (br s, 2H), 4.79 (s, 1H), 4.91 (s, 1H), 4.99 (s, 1H), 6.75 (d, J = 8.0 Hz, 1H), 6.84 (d, J = 8.0 Hz, 
1H), 6.93 (s, 1H), 7.15 (br s, 1H); 13C NMR (100 MHz, CDCl3) δ 15.8, 19.8, 47.0, 49.0, 51.7, 112.2, 
115.2, 124.8, 125.9, 127.6, 130.0, 139.9, 154.3, 166.9; IR (ATR)  3257, 2920, 2105, 1657, 1579, 
1511, 1463, 1433 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C14H17N3NaO2+ m/z 282.1213, found 
282.1209. 
 
 
2-Diazo-N-(4-hydroxy-3-methylphenethyl)-N-isopropylacetamide (1l) 
To a stirred solution of 4-(2-aminoethyl)-2-methylphenol (300.8 mg, 2.0 mmol) in MeOH was added 
acetone (0.29 mL, 2 eq, 4.0 mmol), and the reaction mixture was stirred for 14 h at room 
temperature. Then NaBH4 (150.6 mg, 2 eq, 4 mmol) was added at 0 °C, and the reaction mixture was 
stirred for additional 2 h at 0 °C. The reaction was quenched with water, concentrated under reduced 
pressure to remove most of the MeOH, extracted with EtOAc, washed with brine, dried over Na2SO4, 
and concentrated under reduced pressure to affored crude secondary amine, which was used for the 
next step without further purification. 
Diazocarbonyl unit was introduced to the crude secondary amine by general procedure B, and 
compound 1l was isolated as yellow oil (107.0 mg, 0.41 mmol) in 21% yield (2 steps) (column 
condition; n-hexane/EtOAc, 3/2): Rf = 0.3 (n-hexane/EtOAc, 1/1); 1H NMR (400 MHz, CDCl3) δ 
1.17 (s, 3H), 1.19 (s, 3H), 2.22 (s, 3H), 2.75 (t, J = 8.4 Hz, 2H), 3.25 (m, 2H), 4.29 (br s, 1H), 4.97 (s, 
1H), 6.77 (d, J = 8.4 Hz, 1H), 6.84-6.92 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 15.8, 20.8, 24.8, 
33.8, 36.0, 44.6, 47.1, 115.2, 124.5, 126.7, 129.9, 130.9, 153.5, 165.8; IR (ATR)  3241, 2975, 2102, 
1574, 1508, 1424, 1355, 1265 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C14H19N3NaO2+ m/z 
284.1369, found 284.1375. 
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N-(3-Allyl-4-hydroxybenzyl)-2-diazo-N-(4-methoxybenzyl)acetamide (1m) 
Prepared according to the general procedure C using 3-allyl-4-hydroxybenzaldehyde (368.5 mg, 2.3 
mmol) and PMBNH2, and isolated as yellow oil (277.3 mg, 0.79 mmol) in 34% yield (2 steps) 
(column condition; n-hexane/EtOAc, 2/1): Rf = 0.2 (n-hexane/EtOAc, 3/1); 1H NMR (400 MHz, 
CDCl3) δ 3.37 (d, J = 8.4 Hz, 2H), 3.78 (s, 3H), 4.32 (br s, 2H), 4.38 (br s, 2H), 5.00 (s, 1H), 
5.04-5.12 (m, 2H), 5.96 (m, 1H), 6.74 (br s, 1H), 6.79 (d, J = 8.4 Hz, 1H), 6.84 (d, J = 8.4 Hz, 2H), 
6.86-6.92 (m, 2H), 7.11 (d, J = 8.4Hz, 2H); 13C NMR (100 MHz, CDCl3) 34.9, 47.1, 48.9, 49.1, 55.3, 
114.3, 116.1, 116.3, 126.1, 126.8, 128.76, 128.79, 128.9, 129.5, 136.3, 153.9, 159.2, 166.5; IR (ATR) 
 3243, 2928, 2106, 1578, 1511, 1433, 1352, 1247 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for 
C20H21N3NaO3+ m/z 374.1475, found 374.1473. 
 
 
2-Diazo-N-((6-hydroxy-[1,1'-biphenyl]-3-yl)methyl)-N-(4-methoxybenzyl)acetamide (1n) 
Prepared according to the general procedure C using 6-hydroxy-[1,1'-biphenyl]-3-carbaldehyde  
(198.2 mg, 1 mmol) and PMBNH2, and isolated as yellow powder (143.9 mg, 0.37 mmol) in 37% 
yield (2 steps) (column condition; gradient elution: n-hexane/EtOAc, 1/1 → 1/2): mp140–142 °C; Rf 
= 0.5 (n-hexane/EtOAc, 1/1); 1H NMR (400 MHz, CDCl3) δ 3.77 (s, 3H), 4.39 (br s, 4 H), 4.98 (s, 
1H), 5.96 (br s, 1H), 6.84 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 7.2 Hz, 1H), 7.02-7.07 (m, 2H), 7.12 (J = 
8.8 Hz, 2H), 7.35 (m, 1H), 7.40-7.46 (m, 4H); 13C NMR (100 MHz, CDCl3) δ 47.1, 49.1, 49.1, 55.3, 
114.3, 116.4, 127.7, 128.1, 128.6, 128.7, 128.8, 129.0, 129.0, 129.1, 129.4, 137.1, 152.4, 159.2, 
166.5; IR (ATR)  3213, 2929, 2105, 1577, 1510, 1434, 1415, 1352 cm−1; HRMS (ESI-TOF) [M + 
Na]+ calcd for C23H21N3NaO3+ m/z 410.1475, found 410.1471. 
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2-Diazo-N-((6-hydroxy-4'-methoxy-[1,1'-biphenyl]-3-yl)methyl)-N-(4-methoxybenzyl)acetamid
e (1o) 
Prepared according to the general procedure C using 
6-hydroxy-4'-methoxy-[1,1'-biphenyl]-3-carbaldehyde (297.3 mg, 1.5 mmol) and PMBNH2, and 
isolated as yellow powder (317.2 mg, 0.76 mmol) in 51% yield (2 steps) (column condition; gradient 
elution: n-hexane/EtOAc, 1/1 → 1/2): mp 149–151 °C; Rf = 0.3 (n-hexane/EtOAc, 1/1); 1H NMR 
(400 MHz, CDCl3) δ 3.77 (s, 3H), 3.83 (s, 3H), 4.38 (br s, 4H), 4.98 (s, 1H), 5.88 (br s, 1H), 6.84 (d, 
J = 8.8 Hz, 2H), 6.91 (d, J = 8.4 Hz, 1H), 6.97 (d, J = 8.4 Hz, 2H), 6.99-7.04 (m, 2H), 7.12 (d, J = 
8.4 Hz, 2H), 7.36 (d, J = 8.8 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 47.0, 49.0, 49.1, 55.27, 55.31, 
114.3, 114.6, 116.2, 127.7, 128.3, 128.7, 128.9, 129.3, 130.2 (3C), 152.5, 159.2, 159.4, 166.5; IR 
(ATR)  3228, 2935, 2108, 1578, 1511, 1429, 1352, 1244 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd 
for C24H23N3NaO4+ m/z 440.1581, found 440.1595. 
 
 
N-((4'-Chloro-6-hydroxy-[1,1'-biphenyl]-3-yl)methyl)-2-diazo-N-(4-methoxybenzyl)acetamide 
(1p) 
Prepared according to the general procedure C using 
4'-chloro-6-hydroxy-[1,1'-biphenyl]-3-carbaldehyde (369.8 mg, 1.6 mmol) and PMBNH2, and 
isolated as yellow powder (323.1 mg, 0.8 mmol) in 74% yield (2 steps) (column condition; gradient 
elution: n-hexane/EtOAc, 1/1 → 1/2): mp 169–171 °C; Rf = 0.2 (n-hexane/EtOAc, 1/2); 1H NMR 
(400 MHz, CDCl3) δ 3.80 (s, 3H), 4.40 (br s, 4H), 4.99 (s, 1H), 5.40 (br s, 1H), 6.86 (d, J = 8.4 Hz, 
2H), 6.92 (d, J = 8.0 Hz, 1H), 7.02 (m, 1H), 7.05-7.17 (m, 3H), 7.38 (d, J = 8.8 Hz, 2H), 7.44 (d, J = 
8.8 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 46.06, 46.07, 48.2, 54.9, 113.8, 116.2, 126.2, 127.7, 
127.9, 128.1, 128.6, 129.2, 129.3, 130.6, 131.2, 137.0, 153.3, 158.4, 165.5; IR (ATR)  3261, 2933, 
2107, 1704, 1574, 1511, 1427, 1355 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C23H20ClN3NaO3+ 
m/z 444.1085, found 444.1083. 
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2-Diazo-N-(4-hydroxy-3-(naphthalen-2-yl)benzyl)-N-(4-methoxybenzyl)acetamide (1q) 
Prepared according to the general procedure C using s1 (631.9 mg, 2.55 mmol) and PMBNH2, and 
isolated as yellow powder (627.5 mg, 1.43 mmol) in 56% yield (2 steps) (column condition; gradient 
elution: n-hexane/EtOAc, 3/2 → 1/1): mp 146–148 °C; Rf = 0.4 (n-hexane/EtOAc, 1/1); 1H NMR 
(400 MHz, CDCl3) δ 3.77 (s, 3H), 4.41 (br s, 4H), 4.98 (s, 1H), 5.61 (br s, 1H), 6.85 (d, J = 8.8 Hz, 
2H), 6.97 (d, J = 8.0 Hz, 1H), 7.08-7.18 (m, 4H), 7.48-7.56 (m, 3H), 7.84-7.91 (m, 3H), 7.93 (d, J = 
8.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 47.0, 49.11, 49.13, 55.3, 114.3, 116.4, 126.4, 126.6, 
127.1, 127.8, 127.9, 128.1, 128.5, 128.76, 128.78, 128.9, 129.0, 129.2, 129.6, 132.8, 133.7, 134.4, 
152.4, 159.3, 166.5; IR (ATR)  3185, 2928, 2108, 1578, 1511, 1439, 1416, 1354 cm−1; HRMS 
(ESI-TOF) [M + Na]+ calcd for C27H23N3NaO3+ m/z 460.1632, found 460.1626. 
 
 
N-((4-((tert-Butyldimethylsilyl)oxy)naphthalen-1-yl)methyl)-2-diazo-N-(4-methoxybenzyl)aceta
mide (s5) 
Diazocarbonyl unit was introduced to compound s4 (580.6 mg, 1.4 mmol) according to the general 
procedure B, and compound s5 was isolated as yellow gum (195.5 mg, 0.4 mmol) in 28% yield 
(column condition; n-hexane/EtOAc, 3/1): Rf = 0.3 (n-hexane/EtOAc, 3/1); 1H NMR (400 MHz, 
CDCl3) δ 0.29 (s, 6H), 1.10 (s, 9H), 3.76 (s, 3H), 4.33 (br s, 2 H), 4.84 (br s, 2H), 4.92 (s, 1H), 
6.77-6.83 (m, 3H), 7.05-7.12 (m, 3H), 7.45-7.51 (m, 2 H), 7.90 (br s, 1H), 8.24 (d, J = 8.8 Hz, 1H); 
13C NMR (100 MHz, CDCl3) δ -4.3, 18.4, 25.8, 46.90, 46.90, 48.6, 55.2, 111.7, 114.1, 123.0, 123.3, 
124.1, 124.2, 125.2, 126.8, 128.3, 128.6, 129.0, 132.7, 151.8, 159.1, 166.4; IR (ATR)  2953, 2104, 
1583, 1511, 1436, 1392, 1351, 1278 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C27H33N3NaO3Si+ 
m/z 498.2183, found 498.2190. 
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2-Diazo-N-((4-hydroxynaphthalen-1-yl)methyl)-N-(4-methoxybenzyl)acetamide (1r) 
To a stirred solution of s5 (328.7 mg, 0.67mmol) in THF (6.7 mL, 0.1 M) were added AcOH (0.046 
mL, 1.2 eq, 0.81 mmol) and TBAF (1 M solution in THF) (0.81 mL, 1.2 eq, 0.81 mmol) at 0 °C, and 
the reaction mixture was stirred for 30 min at room temperature. The reaction was quenched with 
saturated aqueous NH4Cl, extracted with EtOAc, washed with brine, dried over Na2SO4, and 
concentrated under reduced pressure. The crude mixture was purified by flash chromatography on 
silica gel (gradient elution: n-hexane/EtOAc, 2/1 → 1/1) to afford 1r (230 mg, 0.55 mmol) as yellow 
powder in 82% yield: mp 103–105 °C; Rf = 0.3 (n-hexane/EtOAc, 1/1); 1H NMR (400 MHz, CDCl3) 
δ 3.77 (s, 3H), 4.42 (br s, 2H), 4.84 (br s, 2H), 4.95 (s, 1H), 6.76 (d, J = 7.6 Hz, 1H), 6.82 (d, J = 8.4 
Hz, 2H), 7.04 (d, J = 7.6 Hz, 1H), 7.11 (d, J = 8.4 Hz, 2H), 7.45-7.52 (m, 2 H), 7.83 (br s, 1H), 8.30 
(d, J = 9.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 47.1, 47.5, 49.1, 55.3, 107.9, 114.3, 122.7, 123.0, 
125.1, 125.3, 127.0, 128.6, 128.7, 128.77, 128.84, 132.4, 152.6, 159.2, 167.3; IR (ATR)  3200, 
2949, 2109, 1576, 1512, 1439, 1385, 1355 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for 
C21H19N3NaO3+ m/z 384.1319, found 384.1324. 
 
 
2-Diazo-N-isopropyl-N-(4-methoxy-3-methylbenzyl)acetamide (15) 
Prepared according to the general procedure B using 4-methoxy-3-methylbenzaldehyde (0.22 mL, 
1.5 mmol), 2,5-dioxopyrrolidin-1-yl 2-diazoacetate (183 mg, 1 mmol) and iPrNH2, and isolated as 
yellow oil (178.6 mg, 0.68 mmol) in 68% yield (2 steps) (column condition; n-hexane/EtOAc, 3/1): 
Rf = 0.5 (n-hexane/EtOAc, 1/1); 1H NMR (400 MHz, CDCl3) δ 1.12 (s, 3H), 1.14 (s, 3H), 2.20 (s, 
3H), 3.79 (s, 3H), 4.27 (s, 2H), 4.56 (br s, 1H), 4.84 (s, 1H), 6.76 (d, J = 8.0 Hz, 1H), 6.97-7.03 (m, 
2H); 13C NMR (100 MHz, CDCl3) δ 16.0, 20.5, 44.9, 46.7, 47.1, 55.2, 110.0, 124.5, 126.8, 128.5, 
129.9, 156.8, 166.3; IR (ATR)  2974, 2098, 1597, 1504, 1410, 1368, 1346, 1299 cm−1; HRMS 
(ESI-TOF) [M + Na]+ calcd for C14H19N3NaO2+ m/z 284.1369, found 284.1367. 
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2-Diazo-N-(2-hydroxybenzyl)-N-isopropylacetamide (6) 
Prepared according to the general procedure B using 2-hydroxybenzaldehyde (132.9 mg, 1.1 mmol) 
and iPrNH2, and isolated as pale yellow solid (86.2 mg, 0.37 mmol) in 52% yield (2 steps) (column 
condition; n-hexane/EtOAc, 2/1): mp 94–96 °C; Rf = 0.6 (EtOAc); 1H NMR (400 MHz, CDCl3) δ 
1.23 (d, J = 6.4 Hz, 6H), 3.74 (sep, J = 6.4 Hz, 1H), 4.49 (s, 2H), 5.04 (s, 1H), 6.76 (dd, J = 8.0, 7.2 
Hz, 1H), 6.87 (d, J = 8.0 Hz, 1H), 7.10-7.20 (m, 2H), 9.81 (br s, 1H); 13C NMR (100 MHz, CDCl3) δ 
21.3, 42.7, 47.9, 49.5, 117.4, 119.1, 123.5, 129.7, 131.1, 156.4, 168.0; IR (ATR)  3188, 2977, 2103, 
1584, 1455, 1427, 1369, 1353 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C12H15N3NaO2+ m/z 
256.1056, found 256.1055. 
 
 
4-Isopropyl-4,5-dihydrobenzo[f][1,4]oxazepin-3(2H)-one (7) 
Prepared according to the general procedure A using 5 mol % (S)-TRIPAg for 48 h at room 
temperature, and isolated as colorless oil in 31% yield: Rf = 0.6 (n-hexane/EtOAc, 1/2); 1H NMR 
(400 MHz, CDCl3) δ 1.18 (d, J = 6.8 Hz, 6H), 4.39 (s, 2H), 4.71 (s, 2H), 4.98 (sep, J = 6.8 Hz, 1H), 
7.00-7.06 (m, 2H), 7.16 (dd, J = 7.6, 1.2 Hz, 1H), 7.27 (ddd, J = 8.0, 7.6, 2.0 Hz, 1H); 13C NMR 
(100 MHz, CDCl3) δ 19.9, 42.1, 44.9, 72.0, 119.9, 123.4, 128.3, 128.4, 129.9, 157.6, 168.1; IR 
(ATR)  2975, 1655, 1579, 1491, 1456, 1435, 1369, 1337 cm−1; HRMS (ESI-TOF) [M + H]+ calcd 
for C12H16NO2+ m/z 206.1176, found 206.1177. 
 
 
2-Diazo-N-(3-hydroxybenzyl)-N-isopropylacetamide (8) 
Prepared according to the general procedure B using 3-hydroxybenzaldehyde (366.4 mg, 3 mmol) 
and iPrNH2, and isolated as yellow oil (259.7 mg, 1.1 mmol) in 37% yield (2 steps) (column 
condition; gradient elution: CHCl3/EtOAc, 5/1 → 3/1): Rf = 0.7 (EtOAc); 1H NMR (400 MHz, 
CDCl3) δ 1.14 (d, J = 6.4 Hz, 6H), 4.31 (s, 2H), 4.60 (br s, 1H), 4.85 (s, 1H), 6.70 (d, J = 7.2 Hz, 
1H), 6.75 (d, J = 8.0 Hz, 1H), 6.79 (s, 1H), 7.16 (dd, J = 8.0, 7.2 Hz, 1H), 7.62 (br s, 1H); 13C NMR 
(100 MHz, CDCl3) δ 20.5, 45.6, 47.2, 47.7, 113.3, 114.5, 117.6, 129.9, 139.7, 157.4, 167.1; IR 
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(ATR)  3231, 2978, 2104, 1575, 1427, 1369, 1311, 1280 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd 
for C12H15N3NaO2+ m/z 256.1056, found 256.1057. 
 
General procedure D for the preparation of diazocarbonyl compounds by using diketene 
To a stirred solution of 4-hydroxy-3-methylbenzaldehyde in MeOH (0.5 M) was added primary 
amine, and the reaction mixture was stirred for 24 h at room temperature. Then NaBH4 (1.2 eq) was 
added to the mixture at 0 °C, and stirring was continued for additional 3 h at 0 °C. The reaction was 
quenched with water, concentrated under reduced pressure to remove most of the MeOH, and 
extracted with EtOAc. The organic layer was acidified with 1 N aqueous HCl, and the water layer 
was washed with EtOAc. The aqueous solution was basified with 1 N aqueous NaOH, extracted with 
EtOAc×3, washed with brine, dried over Na2SO4, and concentrated under reduced pressure to 
affored crude secondary amine, which was used for the next step without further purification. 
To a stirred solution of the crude secondary amine in THF (0.4 M) was added diketene (1.1 or 2.4 
eq) at 0 °C. After being stirred at room temperature, the reaction was extracted with EtOAc, washed 
with 1 N aqueous KHSO4, dried over Na2SO4, and concentrated under reduced pressure to afford 
crude mixture. 
The crude residue obtained above was dissolved in CH3CN (0.4 M), and 
para-acetamidobenzenesulfonyl azide (1.3 eq) and Et3N (3 eq) were added at 0 °C. After being 
stirred for 2 h at room temperature, the reaction mixture was filtered and H2O was added. The 
reaction mixture was extracted with EtOAc, washed with H2O and brine, dried over Na2SO4, and 
concentrated under reduced pressure to give crude product. 
A solution of the crude residue in 16% aqueous KOH/CH3CN (3/4, 0.5 M) was stirred for 18 h at 
room temperature. The reaction was extracted with EtOAc, washed with saturated aqueous NH4Cl 
and brine, dried over Na2SO4, concentrated under reduced pressure, and prified by flash 
chromatography on silica gel (column condition given below) to afford diazocarbonyl compound. 
 
 
2-Diazo-N-(4-hydroxy-3-methoxybenzyl)-N-isopropylacetamide (1c) 
Prepared according to the general procedure D using 4-hydroxy-3-methoxybenzaldehyde (456.5 mg, 
3 mmol), iPrNH2 (0.26 ml, 1 eq, 3 mmol) and diketene (1.1 eq) for 2 h, and isolated as pale yellow 
powder (268.3 mg, 1.0 mmol) in 38% yield (4 steps) (column condition; gradient elution: 
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n-hexane/EtOAc, 1.5/1 → 1.2/1): mp 91–93 °C; Rf = 0.6 (EtOAc); 1H NMR (400 MHz, CDCl3) δ 
1.14 (d, J = 6.8 Hz, 6H), 3.88 (s, 3H), 4.30 (br s, 2H), 4.83 (br s, 2H), 5.63 (br s, 1H), 6.71-6.76 (m, 
2H), 6.87 (d, J = 7.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 20.7, 45.4, 47.0, 47.3, 56.1, 109.2, 
114.6, 119.3, 130.5, 145.0, 147.0, 166.5; IR (ATR)  3263, 2976, 2103, 1581, 1515, 1421, 1371, 
1348 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C13H17N3NaO3+ m/z 286.1162, found 286.1155. 
 
 
N-(tert-Butyl)-2-diazo-N-(4-hydroxy-3-methylbenzyl)acetamide (1j) 
Prepared according to the general procedure D using tert-butylamine (0.38 ml, 1.5 eq, 2.4 mmol) and 
diketene (1.1 eq) for 5 h, and isolated as yellow powder (86.2 mg, 0.33 mmol) in 14% yield (4 steps) 
(column condition; n-hexane/EtOAc, 2/1): mp 144–145 °C; Rf = 0.6 (n-hexane/EtOAc, 1/1); 1H 
NMR (400 MHz, CDCl3) δ 1.48 (s, 9H), 2.25 (s, 3H), 4.34 (s, 2H), 4.78 (s, 1H), 5.07 (br s, 1H), 6.77 
(d, J = 8.4 Hz, 1H), 6.92 (d, J = 8.4 Hz, 1H), 6.94 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 15.9, 29.0, 
48.4, 48.8, 58.4, 115.4, 124.3, 124.6, 128.2, 130.6, 153.3, 168.1; IR (ATR)  3235, 2968, 2107, 1587, 
1409, 1342, 1269, 1191 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C14H19N3NaO2+ m/z 284.1369, 
found 284.1368. 
 
 
2-Diazo-N-(4-hydroxy-3-methylbenzyl)-N-(2-phenylpropan-2-yl)acetamide (1s) 
Prepared according to the general procedure D using cumylamine (0.36 ml, 1eq, 2.49 mmol) and 
diketene (2.4 eq) for 5 d, and isolated as yellow powder (148.1 mg, 0.46 mmol) in 18% yield (4 
steps) (column condition; gradient elution: n-hexane/EtOAc, 2/1 → 3/2): mp 146–148 °C; Rf = 0.7 
(n-hexane/EtOAc, 1/1); 1H NMR (400 MHz, CDCl3) δ 1.68 (s, 6 H), 2.25 (s, 3H), 4.61-4.75 (m, 3H), 
4.95 (br s, 1H), 6.74 (d, J = 8.0 Hz, 1H), 7.03-7.10 (m, 2H), 7.20 (m, 1H), 7.29-7.33 (m, 4H); 13C 
NMR (100 MHz, CDCl3) δ 15.8, 29.8, 48.4, 49.6, 62.4, 115.3, 124.2, 124.6, 125.5, 126.6, 128.6, 
129.4, 131.5, 148.6, 153.1, 167.7; IR (ATR)  3269, 2978, 2104, 1589, 1406, 1268, 1155 cm−1; 
HRMS (ESI-TOF) [M + Na]+ calcd for C19H21N3NaO2+ m/z 346.1526, found 346.1521. 
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Synthetic study of Ts-protected diazoacetamide substrate 
 
Ts-protected diazoacetamide substrate could not be synthesized due to decomposition of the 
compound after deprotection of the TBS group. 
 
 
N-(4-((tert-Butyldimethylsilyl)oxy)-3-methylbenzyl)-4-methylbenzenesulfonamide (9) 
To a stirred solution of 4-hydroxy-3-methylbenzaldehyde (190.6 mg, 1.4 mmol) and imidazole 
(190.6 mg, 2 eq, 2.8 mmol) in DMF (1.4 mL, 1 M) was added TBSCl (263.8 mg, 1.3 eq, 1.8 mmol) 
at 0 °C, and the reaction mixture was stirred for 4 h at room temperature. The reaction mixture was 
diluted with ether, washed with water (x 3) and brine, dried over Na2SO4, and concentrated under 
reduced pressure to give crude mixture. The obtained mixture was passed through a short pad of 
silica to remove polar compounds (n-hexane/ EtOAc = 5/1) and concentrated to afford crude 
silylated product. 
To a stirred solution of the silylated product, p-TsNH2 (226.0 mg, 0.9 eq, 1.32 mmol), and Et3N 
(0.48 mL, 3 eq, 3.6 mmol) in CH2Cl2 (3 mL, 0.5 M) was added TiCl4 (1 M in CH2Cl2) (0.6 mL, 0.4 
eq, 0.6 mmol) at 0 °C. After the reaction mixture was stirred for 16.5 h at room temperature, ethyl 
acetate was added, and the obtained suspension was filtered through a short pad of celite, 
concentrated under reduced pressure. The obtained mixture was passed through a short pad of silica 
to remove polar compounds (n-hexane/ EtOAc = 10/1) to give crude corresponding N-Ts-imine.  
A suspension of the imine and 20% Pd(OH)2–C (48.4 mg, 10 wt%) in 1,4-dioxane (6 mL, 0.2 M) 
was stirred for 14 h under H2 (1 atm) at room temperature, filtered through a short pad of celite, and 
concentrated under reduced pressure to give crude residue. The obtained mixture was purified by 
flash chromatography on silica gel (n-hexane/ EtOAc = 5/1) to give 9 (343.3 mg, 0.85 mmol) as 
TBSO
NHTs
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white solid in 60% yield (3 steps): mp 84–86 °C; Rf = 0.4 (n-hexane/EtOAc, 3/1); 1H NMR (400 
MHz, CDCl3) δ 0.18 (s, 6H), 1.00 (s, 9H), 2.11 (s, 3H), 2.43 (s, 3H), 4.01 (d, J = 6.0 Hz, 2H), 4.70 (t, 
J = 6.0 Hz, 1H), 6.64 (d, J = 8.0 Hz, 1H), 6.85 (dd, J = 8.0, 1.6 Hz, 1H), 6.90 (d, J = 1.6 Hz, 1H), 
7.29 (d, J = 8.0 Hz, 2H), 7.74 (d, J = 8.0 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ -4.3, 16.7, 18.2, 
21.5, 25.7, 46.8, 118.4, 126.2, 127.2, 128.4, 129.2, 129.6, 130.7, 136.9, 143.3, 153.6; IR (ATR)  
3277, 2955, 1502, 1471, 1463, 1427, 1324, 1306 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for 
C21H31NNaO3SSi+ m/z 428.1686, found 428.1689.   
 
 
N-(4-((tert-Butyldimethylsilyl)oxy)-3-methylbenzyl)-2-diazo-N-tosylacetamide (10) 
To a stirred solution of 9 (80.8 mg, 0.2 mmol) in THF (0.4 mL, 0.5 M) was added NaH (8.8 mg, 1.1 
eq, 0.22 mmol) at 0 °C. After the reaction was stirred for 30 min at 0 °C, 2,5-dioxopyrrolidin-1-yl 
2-diazoacetate23 (36.6 mg, 1 eq, 0.2 mmol) was added and the mixture was stirred for additional 1 h. 
The reaction was quenched with saturated aqueous NH4Cl, extracted with EtOAc, washed with brine, 
dried over Na2SO4, and concentrated under reduced pressure. The crude mixture was purified by 
flash chromatography on silica gel (n-hexane/EtOAc, 10/1) to afford 10 as pale yellow oil (61.9 mg, 
0.13 mmol) in 65% yield: Rf = 0.5 (n-hexane/EtOAc, 3/1); 1H NMR (400 MHz, CDCl3) δ 0.21 (s, 
6H), 1.01 (s, 9H), 2.16 (s, 3H), 2.42 (s, 3H), 4.87 (s, 2H), 6.03 (s, 1H), 6.69 (d, J = 8.0 Hz, 1H), 7.09 
(dd, J = 8.0, 2.0 Hz, 1H), 7.11 (d, J = 2.0 Hz, 1H), 7.26 (d, J = 8.0 Hz, 2H), 7.62 (d, J = 8.0 Hz, 2H); 
13C NMR (100 MHz, CDCl3) δ -4.3, 16.8, 18.2, 21.6, 25.7, 48.9, 51.1, 118.2, 126.8, 127.3, 128.6, 
128.9, 129.7, 131.0, 136.5, 144.7, 153.5, 165.2; IR (ATR)  2956, 2116, 1634, 1504, 1472, 1433, 
1348, 1308 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C23H31N3NaO4SSi+ m/z 498.1697, found 
496.1696. 
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4. Deprotection of PMB Group 
 
 
(R)-7-Allyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (11m) 
To a stirred solution of 2m (47.7 mg, 0.15 mmol) in CH3CN (2.7 mL) and H2O (0.3 mL) was added 
CAN (246.7 mg, 3 eq, 0.45 mmol), and the reaction mixture was stirred for 16 h at room temperature. 
The reaction was quenched with brine, extracted with EtOAc, dried over Na2SO4, concentrated 
under reduced pressure, and purified by flash chromatography on silica gel (column condition; 
gradient elution: EtOAc → EtOAc/MeOH, 10/1) to afford 11m as colorless oil (25.3 mg, 84%): Rf = 
0.2 (EtOAc); 1H NMR (400 MHz, CDCl3) δ 2.51 (s, 2H), 3.07-3.11 (m, 2H), 3.46 (s, 2H), 5.08-5.15 
(m, 2H), 5.84 (m, 1H), 6.34 (d, J = 10.0 Hz, 1H), 6.73 (m, 1H), 6.98 (dd, J = 10.0, 2.8 Hz, 1H), 7.18 
(br s, 1H); 13C NMR (100 MHz, CDCl3) δ 33.0, 40.3, 44.0, 50.0, 117.5, 129.0, 134.5, 138.0, 145.0, 
149.3, 175.9, 184.7; IR (ATR)  3261, 2978, 1693, 1662, 1633, 1486, 1420, 1405 cm−1; HRMS 
(ESI-TOF) [M + Na]+ calcd for C12H13NNaO2+ m/z 226.0838, found 226.0832; [α]20D + 12.8 ° (c 1, 
CHCl3). 
 
 
(R)-7-Phenyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (11n) 
To a stirred solution of 2n (58.6 mg, 0.16 mmol) in CH3CN (2.9 mL) and H2O (0.33 mL) was added 
CAN (268.1 mg, 3 eq, 0.49 mmol), and the reaction mixture was stirred for 20 h at room temperature. 
The reaction was quenched with brine, extracted with EtOAc, dried over Na2SO4, concentrated 
under reduced pressure, and purified by flash chromatography on silica gel (column condition; 
gradient elution: EtOAc → EtOAc/MeOH, 10/1) to afford 11n as colorless oil (37.7 mg, 97%): Rf = 
0.1 (EtOAc); 1H NMR (400 MHz, CDCl3) δ 2.59 (s, 2H), 3.53 (s, 2H), 6.44 (d, J = 10.0 Hz, 1H), 
6.90-7.10 (m, 3H), 7.33-7.43 (m, 5H); 13C NMR (100 MHz, CDCl3) δ 40.5, 44.3, 50.1, 128.2, 128.4, 
128.6, 129.8, 134.9, 139.5, 146.8, 148.6, 175.6, 183.7; IR (ATR)  3239, 2924, 1692, 1661, 1630, 
1486, 1418, 1364 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C15H13NNaO2+ m/z 262.0838, found 
262.0832; [α]20D ＋ 32.0° (c 1, EtOH). 
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Section 2. 
 
 
2-hydroxy-4-((tetrahydro-2H-pyran-2-yl)oxy)benzaldehyde (16) 
16 was prepared according to the literature.24 
 
 
2-formyl-5-((tetrahydro-2H-pyran-2-yl)oxy)phenyl trifluoromethanesulfonate (17) 
To a stirred solution of 16 (2095.6 mg, 9.43 mmol) and Et3N (2,63 mL, 2 eq, 18.9 mmol) in CH2Cl2 
(24 mL, 0.4 M) was added triflic anhydride (2.32 mL, 1.5 eq, 14.1 mmol) at −78 °C. The reaction 
mixture was stirred at 0 ° C for 1 h. After completion of reaction, saturated aqueous NaHCO3 was 
added, and the product was extracted with CH2Cl2. The combined organic layer was dried over 
Na2SO4, and the solvent was removed in vacuo. The crude product was purified by flash 
chromatography on silica gel (n-hexane/EtOAc, 7/1) to afford 17 as colorless oil (3341.0 mg, 
quant.): Rf = 0.28 (n-hexane/EtOAc, 5/1); 1H NMR (400 MHz, CDCl3) δ 1.61―1.79 (m, 3H), 
1.89―1.99 (m, 3H), 3.66 (m, 1H), 3.80 (m, 1H), 5.54 (s, 1H), 7.07 (d, J = 2.0 Hz, 1H), 7.18 (dd, J = 
2.0, 8.8 Hz, 1H), 7.93 (d, J = 8.8 Hz, 1H), 10.13 (s, 1H); 13C NMR (150 MHz, CDCl3) δ 18.0, 24.7, 
29.7, 62.0, 96.8, 110.2, 116.4, 119.6, 122.1, 132.1, 151.0, 163.0, 185.5; IR (ATR)  2948, 2875, 1695, 
1608, 1425, 1237, 1200, 1137, 1065, 1036 cm−1; HRMS (ESI-TOF) [M + H]+ calcd for 
C13H14F3O6S+ m/z 357.0416, found 357.0432. 
 
 
4-hydroxy-2-vinylbenzaldehyde (18) 
A solution of potassium vinyltrifluoroborate (474.2 mg, 1.1 eq, 3.54 mmol), PdCl2 (11.4 mg, 2 mol%, 
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0.0644 mmol), PPh3 (50.7 mg, 6 mol%, 0.193 mmol), K2CO3 (1335.1 mg, 3 eq, 9.66 mmol), and 17 
(1140.2 mg, 3.22 mmol) in THF/H2O (9:1) (16 mL, 0.2 M) was refluxed at 85 °C under a N2 
atmosphere for 17 h, then cooled to room temperature and diluted with H2O followed by extracted 
with EtOAc, washed with brine, dried over Na2SO4, and concentrated under reduced pressure. 
The obtained crude mixture was passed through a short pad of silica gel to remove polar compounds 
(n-hexane/EtOAc = 1/1) and was used for the next reaction without further purification. 
The obtained crude mixture was dissolved in MeOH (13 mL, 0.2 M). After addition of 1 N HCl aq. 
(3 mL), the reaction mixture was stirred at room temperature for 2 h. The reaction mixture was 
diluted with water, concentrated under reduced pressure to remove most of the MeOH, and extracted 
with EtOAc, washed with saturated aqueous NaHCO3 solution and brine, dried over Na2SO4, 
and the solvent was removed in vacuo. The crude product was purified by flash chromatography on 
silica gel (n-hexane/EtOAc, 7/1) to afford 18 (405.4 mg, 85% yield in 2 steps) as pale orange 
powder: mp = 72―73°C; Rf = 0.31 (n-hexane/EtOAc, 2/1); 1H NMR (400 MHz, CDCl3) δ 5.50 (d, J 
= 11.2 Hz, 1H), 5.69 (d, J = 17.2 Hz, 1H), 6.92 (dd, J = 1.6, 8.8 Hz, 1H) 7.03 (d, J = 1.6 Hz, 1H), 
7.51 (dd, J = 11.2, 17.2 Hz, 1H), 7.78 (d, J = 8.8 Hz, 1H), 10.11 (s, 1H); 13C NMR (100 MHz, 
CDCl3) δ 114.0, 115.5, 119.7, 125.3, 132.8, 134.6, 144.1, 162.4, 192.5; IR (ATR)  3200, 2861, 1661, 
1582, 1556, 1447, 1305, 1249, 1226, 1201 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C9H8NaO2+ 
m/z 172.0451, found 172.0453. 
 
 
N-(tert-butyl)-N-(4-((tert-butyldimethylsilyl)oxy)-2-vinylbenzyl)-2-diazo-3-oxobutanamide (19) 
To a stirred solution of 18 (1033.7 mg, 6.98 mmol) and activated MS4A (300 mg/mmol) in CH2Cl2 
(14 mL, 0.5 M) was added tert-butylamine (2.2 mL, 3 eq, 20.9 mmol), and the reaction mixture was 
stirred for 8 h at room temperature. the obtained suspension was filtered through a short pad of 
celite and concentrated under reduced pressure to give crude residue. The obtained crude 
residue was dissolved in MeOH (14 mL, 0.5 M). Then NaBH4 (316.9 mg, 1.2 eq, 8.38 mmol) was 
added to the mixture at 0 °C, and stirring was continued for 25 min at 0 °C. The reaction was 
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quenched with water, concentrated under reduced pressure to remove most of the MeOH, and 
extracted with EtOAc. The organic layer was acidified with 1 N aqueous HCl, and the water layer 
was washed with EtOAc. The aqueous solution was basified with 1 N aqueous NaOH, extracted with 
EtOAc, washed with brine, dried over Na2SO4, and concentrated under reduced pressure to affored 
crude secondary amine, which was used for the next step without further purification. 
To a stirred solution of the crude secondary amine and imidazole (712.8 mg, 1.5 eq, 10.5 mmol) in 
THF (23 mL, 0.3 M) was added TBSCl (1262.4 mg, 1.2 eq, 8.38 mmol) at 0 °C, and the reaction 
mixture was stirred for 22 h at room temperature. The reaction mixture was quenched with water, 
extracted with EtOAc, washed with brine, dried over Na2SO4, and concentrated under reduced 
pressure to give crude silylated product. 
To a stirred solution of the crude silylated product in THF (17.5 mL, 0.4 M) was added diketene 
(0.65 mL, 1.2 eq, 8.4 mmol) at 0 °C. After being stirred for 1 h at room temperature, the reaction was 
extracted with EtOAc, washed with 1 N aqueous KHSO4, dried over Na2SO4, and concentrated 
under reduced pressure to afford crude acetoacetylated product. 
The crude residue obtained above was dissolved in CH3CN (23 mL, 0.3 M), and 
4-acetamidobenzenesulfonyl azide (3353.8 mg, 2 eq, 14.0 mmol) and Et3N (1.9 mL, 2 eq, 14.0 
mmol) were added at 0 °C. After being stirred for 40 h at room temperature, the reaction mixture 
was filtered through a short pad of celite and concentrated under reduced pressure. The 
crude product was purified by flash chromatography on silica gel (n-hexane/EtOAc, 10/1 → 3/1) to 
afford 19 (2140.5 mg, 71% yield in 4 steps) as yellow powder: mp = 73―74°C; Rf = 0.41 
(n-hexane/EtOAc, 3/1); 1H NMR (600 MHz, CDCl3) δ 0.21 (s, 6H), 0.99 (s, 9H), 1.43 (s, 9H), 2.30 
(s, 3H), 4.60 (s, 2H), 5.35 (d, J = 10.8 Hz, 1H), 5.57 (d, J = 16.8 Hz, 1H), 6.77 (dd, J = 2.4, 8.4 Hz, 
1H), 6.83 (dd, J = 10.8, 16.8 Hz, 1H), 6.92 (d, 2.4 Hz, 1H), 7.09 (d, 8.4 Hz, 1H); 13C NMR (150 
MHz, CDCl3) δ -4.6, 14.1, 18.1, 25.5, 27.2, 28.2, 48.1, 58.8, 117.46, 117.47, 118.1, 119.4, 127.3, 
128.3, 133.1, 136.8, 154.8, 163.1; IR (ATR)  2956, 2930, 2858, 2099, 1642, 1487, 1383, 1361, 
1252, 1190 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C23H35N3NaO3Si+ m/z 452.2340, found 
452.2337. 
 
 
N-(tert-butyl)-2-diazo-N-(4-hydroxy-2-vinylbenzyl)acetamide (20) 
A solution of 19 in 16% aqueous KOH/CH3CN (1/1, 16 mL, 0.3 M) was stirred for 3 h at room 
temperature. The reaction was extracted with EtOAc, washed with saturated aqueous NH4Cl and 
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brine, dried over Na2SO4, concentrated under reduced pressure. The crude mixture was prified by 
recrystallized from EtOAc/MeOH to afford 20 (1273.5 mg, 94% yield) as yellow crystal: mp = 153
―154°C; Rf = 0.33 (n-hexane/EtOAc, 2/1); 1H NMR (400 MHz, CDCl3) δ 1.47 (s, 9H), 4.37 (s, 2H), 
4.67 (s, 1H), 4.91 (br s, 1H), 5.38 (dd, J = 1.2, 10.8 Hz, 1H), 5.66 (dd, J = 1.2, 17.6 Hz, 1H), 6.789 
(dd, J = 2.8, 8.4 Hz, 1H), 6.793 (dd, J = 10.8, 17.6 Hz, 1H), 6.96 (d, J = 2.8 Hz, 1H), 7.15 (d, J = 8.4 
Hz, 1H); 13C NMR (150 MHz, acetone-d6) δ 28.7, 46.8, 48.8, 58.4, 113.4, 115.8, 116.7, 127.8, 127.9, 
134.3, 137.0, 157.2, 168.2; IR (ATR)  3260, 3100, 2963, 2921, 2101, 1580, 1448, 1415, 1348, 1249, 
1225, 1184 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C15H19N3NaO2+ m/z 296.1370, found 
296.1359. 
 
 
(R)-2-(tert-butyl)-6-vinyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (21) 
To a stirred solution of diazocarbonyl compound 20 (0.2 mmol) in 2-butanone (0.05 M, 4 mL) in a 
test tube, wrapped with aluminum foil to avoid light, were added benzoic acid (0.2 mmol, 1 eq, 24.4 
mg) and (S)-TRIPAg (17.2 mg, 10 mol%, 0.02 mmol) at 0 °C, and the reaction mixture was stirred at 
0 °C for 72 h. The reaction mixture was concentrated to about 0.5 mL under reduced pressure, from 
which benzoic acid and Ag catalyst were removed by filtration through short pad of NH silica gel, 
and the solid was washed with n-hexane/EtOAc (1/2). The filtrate was concentrated under reduced 
pressure and purified by flash chromatography on silica gel (column condition; gradient elution: 
n-hexane/EtOAc, 1/1 → 1/2) to afford 21 (37.9 mg, 77% yield) as pale orange gum: Rf = 0.35 
(n-hexane/EtOAc, 1/2); 1H NMR (400 MHz, CDCl3) δ 1.45 (s, 9H), 2.53 (d, J = 17.6 Hz, 1H), 2.78 
(d, J = 17.6 Hz, 1H), 3.47 (d, J = 10.8 Hz, 1H), 3.65 (d, J = 10.8 Hz, 1H), 5.56 (d, J = 10.8 Hz, 1H), 
5.75 (d, J = 17.2 Hz, 1H), 6.30 (dd, J = 2.0, 10.0 Hz, 1H), 6.43 (d, J = 2.0 Hz, 1H), 6.44 (dd, J = 
10.8, 17.2 Hz, 1H), 6.92 (d, J = 10.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 27.2, 39.9, 41.8, 52.8, 
54.5, 121.6, 125.5, 126.8, 132.5, 151.4, 157.3, 171.2, 185.4; IR (ATR)  2974, 2936, 1682, 1657, 
1624, 1411, 1364, 1281, 1243, 1219 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C15H19NNaO2+ 
m/z 268.1308, found 268.1319; [α]20D – 1.06° (c 1, CHCl3). 
The enantiomeric ratio was determined to be 96 : 4 by analytical chiral HPLC. Retention time: 14 
min, 17 min (OJ-H column, 80/20 n-hexane/i-PrOH, 1 mL/min, 254 nm). 
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2-(tert-butyl)-6-(2-hydroxyethyl)-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (22) 
To a stirred solution of 21 (245.3 mg, 1.0 mmol) in CHCl3 (10 mL, 0.1 M) was added MCPBA 
(345.1 mg, 2 eq, 2.0 mmol) at room temperature, and resulting mixture was stirred at 40 °C for 48 h. 
The reaction mixture was washed with saturated aqueous NaHCO3, and the product was extracted 
with CHCl3. The combined organic layer was dried over Na2SO4, and the solvent was removed in 
vacuo to give crude epoxide. 
To a mixture of tetrakis[triphenylphosphine]palladium (57.8 mg, 5 mol%, 0.05 mmol), Me2NH・
BH3 (70.7 mg, 1.2 eq, 1.2 mmol) in CH2Cl2 (5 ml) was added a solution of crude epoxide and AcOH 
(0.17 mL, 3 eq, 3.0 mmol) in CH2Cl2 (5 ml) at room temperature under argon atmosphere. After 
being stirred for 1.5 h, the reaction mixture was concentrated under reduced pressure, and the residue 
was purified by flash chromatography on silica gel (column condition; gradient elution: 
CHCl3/MeOH, 40/1) to afford 22 (113.2 mg, 43% yield) as colorless gum: Rf = 0.28 (CHCl3/MeOH, 
10/1); 1H NMR (400 MHz, CDCl3) δ 1.45 (s, 9H), 1.82 (br, 1H), 2.47 (d, J = 17.2 Hz, 1H), 2.55 (t, J 
= 6.4 Hz, 2H), 2.75 (d, J = 17.2 Hz, 1H), 3.41 (d, J = 10.8 Hz, 1H), 3.69 (d, J = 10.8 Hz, 1H), 3.96 (t, 
J = 6.4 Hz, 2H), 6.28 (d, J = 9.6 Hz, 1H), 6.29 (s, 1H), 6.95 (d, J = 9.6 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 27.4, 33.6, 41.0, 41.9, 52.2, 54.8, 60.1, 126.9, 127.2, 152.3, 160.4, 171.9, 185.5; IR (ATR) 
 3421, 2964, 2925, 1660, 1624, 1416, 1365, 1285, 1219, 1050 cm−1; HRMS (ESI-TOF) [M + Na]+ 
calcd for C15H21NNaO3+ m/z 286.1414, found 286.1409. 
 
 
2-(tert-butyl)-6-(2-hydroxyethyl)-2-azaspiro[4.5]dec-6-ene-3,8-dione (23) 
To a mixture of 22 (97.5 mg, 0.37 mmol), Tris(pentafluorophenyl)borane (9.5 mg, 5 mol%, 0.0185 
mmol) in toluene (7.4 ml, 0.05 M) was added triethylsilane at room temperature under argon 
atmosphere. The resultant mixture was stirred at 60 °C for 20 h. The reaction mixture was cooled to 
room temperature and concentrated under reduced pressure. The crude residue was dissolved in THF 
(3.7 mL, 0.1 M), and acetic acid (46.6 μL, 2.2 eq, 0.814 mmol) and tetrabutylammonium fluoride (1 
M in THF, 0.8 mL, 2.2 eq, 0.814 mmol) were added at 0 ° C. The reaction mixture was stirred at 
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room temperature for 40 min, washed with water and brine, and the product was extracted with 
EtOAc, dried over Na2SO4, concentrated under reduced pressure, and the residue was purified by 
flash chromatography on silica gel (column condition; gradient elution: CHCl3/MeOH, 20/1) to 
afford 23 (64.8 mg, 66% yield) as pale yellow oil: Rf = 0.29 (CHCl3/MeOH, 10/1); 1H NMR (400 
MHz, CDCl3) δ 1.42 (s, 9H), 2.10 (m, 2H), 2.36 (d, J = 17.2 Hz, 1H), 2.46 (m, 2H), 2.52 (t, J = 6.4 
Hz, 2H), 2.72 (d, J = 17.2 Hz, 1H), 2.93 (br, 1H), 3.40 (d, J = 10.8 Hz, 1H), 3.61 (d, J = 10.8 Hz, 
1H), 3.85 (t, J = 6.4 Hz, 2H), 5.96 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 27.6, 33.9, 34.8, 35.0, 
38.9, 43.0, 53.6, 54.5, 60.2, 127.2, 163.6, 172.8, 197.9; IR (ATR)  3384, 2964, 2932, 2878, 1656, 
1414, 1364, 1302, 1247, 1222, 1049 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C15H23NNaO3+ 
m/z 288.1570, found 288.1569. 
 
 
2'-(2-(tert-butyl)-9,12-Dioxa-2-azadispiro[4.2.4.2]tetradec-6-en-3-one-6-yl)ethyl 
4-methylbenzenesulfonate (24) 
To a mixture of 23 (64.8 mg, 0.244 mmol) and pyridinium p-toluenesulfonate (6.1 mg, 10 mol%, 
0.0244 mmol) in toluene (2.4 mL, 0.1 M) was added ethylene glycol (0.14 mL, 10 eq, 2.44 mmol) 
and triethyl orthoformate (97 μL, 2.4 eq, 0.586 mmol) at room temperature. The resulting solution 
was stirred at 40 °C for 9 h. The mixture was cooled to room temperature, quenched with Et3N, and 
concentrated under reduced pressure. The residue was dissolved in CH2Cl2 and washed with 
saturated aqueous NaHCO3, dried over Na2SO4, concentrated under reduced pressure to give crude 
dioxolane. 
To a stirred solution of crude dioxolane, Et3N (85 μL, 2.5 eq, 0.610 mmol) and Me3N・HCl (4.7 
mg, 20 mol%, 0.0488 mmol) in CH2Cl2 (0.2 mL) was added TsCl (69.8 mg, 1.5 eq, 0.366 mmol) in 
CH2Cl2 (0.3 mL) at 0 °C. The reaction mixture was stirred at 0 ° C for 13 h. After completion of 
reaction, saturated aqueous NaHCO3 was added, and the product was extracted with CH2Cl2, dried 
over Na2SO4, and the solvent was removed in vacuo. The crude product was purified by flash 
chromatography on silica gel (CH2Cl2/EtOAc, 3/1) to afford 24 (58.7 mg, 52% yield in 2 steps) as 
white powder: mp = 85 °C (decomp.); Rf = 0.23 (n-hexane/EtOAc, 1/5); 1H NMR (400 MHz, 
CDCl3) δ 1.37 (s, 9H), 1.72―1.90 (m, 4H), 2.13 (d, J = 17.2 Hz, 1H), 2.39 (d, J = 17.2 Hz, 1H), 
2.38 (m, 2H), 2.46 (s, 3H), 3.19 (d, J = 10.4 Hz, 1H), 3.34 (d, J = 10.4 Hz, 1H), 3.96 (m, 4H), 4.15 
(m, 2H), 5.31 (s, 1H), 7.36 (d, J = 8.4 Hz, 2H), 7.79 (d, J = 8.4 Hz, 2H); 13C NMR (150 MHz, 
CDCl3) δ 21.6, 27.6, 29.7, 30.3, 34.3, 38.0, 43.7, 54.2, 54.3, 64.5, 64.6, 68.1, 104.8, 126.3, 127.9, 
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130.0, 132.7, 141.0, 145.0, 172.9; IR (ATR)  2959, 2928, 2880, 2360, 1677, 1411, 1359, 1224, 
1173, 1095 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C24H33NNaO6S+ m/z 486.1921, found 
486.1919. 
 
 
2'-(tert-butyl)-1',2',4',5',8',9'-hexahydrospiro[[1,3]dioxolane-2,7'-indeno[1,7a-c]pyrrol]-3'(3a'H
)-one (25) 
To a stirred solution of 24 (25.4 mg, 0.0548 mmol) in THF (1 mL) was added LDA (2 eq, 0.110 
mmol) in THF (0.1 mL) at −78 °C. The reaction mixture was warmed to 0 °C gradually. After 
completion of reaction, saturated aqueous NH4Cl was added, and the product was extracted with 
EtOAc, wash with brine, dried over Na2SO4, and the solvent was removed in vacuo. The crude 
product was purified by flash chromatography on silica gel (n-hexane/EtOAc, 1/2 → 1/5) to afford 
25 (10.3 mg, 65% yield) as white powder: mp = 114―115°C; Rf = 0.28 (n-hexane/EtOAc, 1/2); 1H 
NMR (400 MHz, CDCl3) δ 1.38 (s, 9H), 1.76 (m, 2H), 1.88―1.95 (m, 3H), 2.05 (m, 1H), 2.24 (m, 
2H), 2.52 (m, 1H), 3.25 (d, J = 10.4 Hz, 1H), 3.46 (d, J = 10.4 Hz, 1H), 3.88―4.00 (m, 2H), 
4.01―4.07(m, 2H), 5.34 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 27.5, 28.7, 31.1, 31.4, 33.9, 42.4, 
53.8, 54.1, 55.5, 64.4, 64.8, 106.1, 117.9, 153.6, 176.3; IR (ATR)  2955, 2875, 1672, 1412, 1362, 
1309, 1221, 1155, 1108, 1073 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C17H25NNaO3+ m/z 
314.1727, found 314.1724. 
 
 
2-(tert-butyl)-4,5,8,9-tetrahydro-1H-indeno[1,7a-c]pyrrole-3,7(2H,3aH)-dione (26) 
To a stirred solution of 25 (10.3 mg, 0.0353 mmol) in acetone (0.18 mL) was added 1N aqueous HCl 
(0.18 mL) at 0 °C. The resultant mixture was stirred at 0 °C for 20 min. After completion of reaction, 
saturated aqueous NaHCO3 was added, and the product was extracted with EtOAc, wash with 
brine, dried over Na2SO4, and the solvent was removed in vacuo. The crude product was purified by 
flash chromatography on silica gel (n-hexane/EtOAc, 1/2 → 1/5) to afford 26 (8.7 mg, quant.) as 
white powder: mp = 98―99°C; Rf = 0.19 (n-hexane/EtOAc, 1/2); 1H NMR (600 MHz, CDCl3) δ 
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1.41 (s, 9H), 1.93―2.06 (m, 2H), 2.19 (dt, J = 3.6, 12.0 Hz, 1H), 2.26 (ddt, J = 2.4, 8.4, 13.2 Hz, 
1H), 2.44―2.51 (m, 4H), 2.67 (dd, J = 1.2, 9.6 Hz, 1H), 3.37 (d, J = 6.8 Hz, 1H), 3.67 (d, J = 6.8 Hz, 
1H), 5.86 (d, J = 1.8 Hz, 1H); 13C NMR (150 MHz, CDCl3) δ 27.5, 28.1, 32.5, 33.9, 34.7, 43.3, 53.6, 
54.4, 54.6, 121.0, 174.3, 175.2, 198.4; IR (ATR)  2961, 2930, 2871, 1661, 1455, 1411, 1363, 1312, 
1278, 1220, 1207 cm−1; HRMS (ESI-TOF) [M + Na]+ calcd for C15H21NNaO2+ m/z 270.1465, found 
270.1477. 
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